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Abstract	  
	  In	   this	   work,	   the	   plastic	   behavior	   of	   Hastelloy	   X	   subjected	   to	   thermo-­‐mechanical	  loading	   is	   investigated,	   and	   the	   phenomenon	   of	   dynamic	   strain	   aging	   is	   studied	  under	  isothermal	  and	  temperature	  jump	  experiments,	  using	  the	  technique	  of	  digital	  image	   correlation	   (DIC).	   The	  material	   of	   interest,	   a	  Ni-­‐based	   superalloy,	   is	  widely	  used	  in	  high	  temperature	  applications,	  and	  it	  is	  important	  to	  understand	  its	  plastic	  response	   in	   such	   loading	   regimes.	   It	   is	   seen	   that	   Hastelloy	   X	   exhibits	   serrated	   or	  jerky	   flow	  behavior	  at	  higher	  temperatures,	  which	  manifests	  as	  oscillations	  on	  the	  uniaxial	   tension	   stress	   strain	   curve.	   This	   is	   a	   consequence	   of	   the	   Portevin-­‐Le	  Chatelier	  (PLC)	  effect,	  and	  is	  characterized	  by	  strain	  bands	  propagating	  through	  the	  length	  of	  the	  specimen,	  at	  specific	  time	  intervals,	  leading	  to	  a	  local	  increase	  in	  strain	  as	  the	  band	  propagates.	  	  	  Although	  the	  existence	  of	  a	  PLC	  effect	  in	  Hastelloy	  X	  has	  been	  observed	  before,	  the	  current	  work	  elucidates	  the	  effect	  of	  PLC	  bands	  on	  the	  deformation	  under	  uniaxial	  and	   biaxial	   states	   of	   stress,	   and	   under	   both	   isothermal	   and	   thermal	   cycling	  conditions.	  Variability	   in	   the	   response	  at	  different	   temperatures	   is	   studied	   locally,	  through	  the	  DIC	  measurements,	  and	  globally	  through	  far	  field	  measurements,	  with	  a	  relation	   between	   the	   two	  measurement	   scales	   being	   established.	   The	   DIC	   results,	  when	   correlated	   with	   the	   global	   load-­‐displacement	   measurements,	   illustrate	   the	  contribution	  of	   the	  PLC	  effect	   to	  the	  plastic	  response	  of	   the	  specimen.	  A	  section	  of	  
	   iii	  
experimental	   work	   is	   devoted	   to	   characterization	   of	   the	   material	   behavior,	   and	  understanding	  the	  phenomenon	  of	  dynamic	  strain	  aging.	  A	  qualitative	  assessment	  of	  PLC	  band	  characteristics	  is	  also	  discussed.	  The	  effects	  of	  dynamic	  strain	  aging	  on	  the	  reduction	   of	   flow	   stress	   are	   investigated	   under	   both	   uniaxial	   and	   biaxial	   loading	  conditions.	  	  Cyclic	  thermal	  experiments	  under	  the	  influence	  of	  stress	  concentrations	  lead	  to	  certain	  counterintuitive	  phenomena	  such	  as	  greater	  strain	  accumulation	  at	  lower	  flow	  stresses.	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Chapter	  1	  	  Introduction	  	  
1.1 	  Motivation	  and	  Background	  	  The	  demand	  for	  high	  performance	  materials	   in	  structural	  applications	  for	  extreme	  environments	  has	  driven	  the	  development	  of	  new	  materials	  like	  superalloys,	  multi-­‐functional	  composites,	  ceramics	  and	  functionally	  graded	  materials.	  This	  necessitates	  the	   understanding	   of	   the	   behavior	   of	   these	  materials,	   especially	  where	   there	   is	   a	  need	  to	  apply	  them	  to	  complex	  geometric	  and	  functional	  designs	  that	  are	  subject	  to	  diverse	   loadings.	  Translating	  this	   information	  to	  the	  creation	  of	  a	  physically	  based	  and	  accurately	  predictive	  material	  model	  for	  the	  purposes	  of	  numerical	  simulation	  would	  allow	  realization	  of	  such	  complex	  designs.	  In	  the	  case	  of	  metallic	  materials,	  it	  is	   also	   important	   to	   study	   the	   behavior	   in	   the	   plastic	   regime,	   and	   uncover	   the	  underlying	   factors	   for	   the	   observed	  material	   response.	   It	   is	   necessary	   to	   evaluate	  materials	   that	   are	   compatible	   with	   severe	   structural	   applications,	   and	   validate	  existing	  numerical	  models	  to	  ideally	  allow	  a	  virtual	  prototype	  test	  to	  be	  carried	  out.	  An	  example	  of	  an	  extreme	  loading	  environment	  is	  presented	  in	  Fig.	  1.1,	  which	  shows	  the	  thermal	  and	  acoustic	  loads	  that	  a	  hypersonic	  space	  flight	  vehicle	  in	  operation	  is	  subjected	  to.	  	  	  
	   2	  
Since	   2006,	   the	  Midwest	   Structural	   Sciences	   Center	   (MSSC)	   has	   been	   involved	   in	  studying	  material	  response	  under	  such	  conditions.	  The	  MSSC	  is	  an	  interdisciplinary	  collaboration	  between	   the	  University	  of	   Illinois	   at	  Urbana	  Champaign,	   and	   the	  Air	  Vehicles	  Directorate	  of	   the	  Air	  Force	  Research	  Laboratory	   (AFRL).	  The	   center	  has	  been	   responsible	   for	   the	   development	   of	   tools	   for	   an	   integrated	   framework	   for	  design,	   performance,	   fatigue	   and	   life-­‐estimation	   of	   the	   structure,	   through	   a	  multiscale	   fully	   coupled	   validation	   setup.	   A	   specific	   aim	   of	   the	   MSSC	   is	   also	   to	  develop	   experimental	   tools	   to	   study	  material	   behavior	   in	   severe	   thermo-­‐acoustic	  environments,	   specifically	   combining	   the	   microstructural	   and	   macroscale	  measurements	  in	  order	  to	  develop	  simulation	  tools	  for	  a	  structure	  level	  analysis.	  	  	  
	  
Fig. 1.1: Simulation of a hypersonic flight vehicle highlighting the various thermal and 
acoustic loads that are imposed on the structure during operation (Source: AFRL, Air 
Vehicles Directorate, Structural Sciences Center – WPAFB, 2006). 
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1.2 	  Portevin	  -­‐	  Le	  Chatelier	  effect	  
	  Many	  engineering	  materials	  exhibit	  irregular	  plastic	  flow	  usually	  observed	  as	  stress	  serrations	   (jerky	   flow)	   or	   a	   strain	   staircase	   (strain	   jump)	   type	   behavior.	   This	  irregular	   plastic	   flow,	   observed	   only	   in	   limited	   regimes	   of	   strain	   rate	   and	  temperature,	   results	   in	   inhomogeneous	   deformation	   with	   various	   localization	  bands,	   that	   are	   static	   or	   propagating	   along	   the	   specimen.	   Clausen	   et	   al.,	   (2004)	  observed	   that	   in	   the	   presence	   of	   this	   irregular	   flow,	   some	  materials	   fail	   by	   shear	  localization	  mode	   prior	   to	   necking	   in	   uniaxial	   tension.	   	   This	   phenomenon	   is	   also	  referred	  to	  as	  the	  Portevin-­‐Le	  Chatelier	  (PLC)	  effect,	  or	  dynamic	  strain	  aging,	  and	  is	  associated	   with	   the	   relative	  mobility	   of	   dislocations	   and	   pinning	   obstacles	   in	   the	  metal	   (Cottrell	  et	  al.,	  1953;	  McCormick	  et	  al.,	  1971,	  1988,	  1989;	  van	  den	  Buekel	  et	  
al.,	   1980).	   Though	   a	   full	   understanding	   of	   the	   factors	   affecting	   the	   macroscopic	  behavior	   of	   serrated	   plastic	   flow	   has	   not	   been	   established,	   the	   reason	   for	   the	  serrated	   flow	   in	   the	  stress-­‐strain	  curve	  has	  been	  attributed	  to	  negative	  strain	  rate	  sensitivity,	   which	   has	   been	   observed	   in	   different	   aluminum	   alloys,	   causing	  discontinuous	   plastic	   flow	   and	   propagating	   deformation	   bands	   during	   plastic	  straining	  (Brindley,	  1969;	  McCormick	  et	  al.,	  1972;	  Cheng	  et	  al.,	  2000;	  Shabadi	  et	  al.,	  2004;	  Ranc	  et	  al.,	  2005;	  Sun,	  2007).	  Dynamic	  strain	  aging	  occurs	   for	   temperatures	  and	   strain	   rates	  within	   a	   certain	   range,	   and	   sometimes	   a	   critical	   strain	   has	   to	   be	  reached	  for	  serrated	  yielding	  to	  take	  place	  (Wagenhofer	  et	  al.,	  1999).	  	  	  Most	  experimentalists	  who	  have	  studied	  serrated	  flow	  behavior	  have	  utilized	  solid	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solution	  alloys	  and	  relatively	  little	  is	  known	  about	  the	  phenomenon	  in	  precipitation-­‐hardened	  systems.	  The	  PLC	  effect	   is	  an	  example	  of	   instabilities	   in	  plastic	   flow	  and	  plastic	  strain	  localizations.	  Since	  precipitates	  influence	  the	  development	  of	  dynamic	  strain	  aging	  bands,	   the	  critical	   strain	   for	   the	  onset	  of	   jerky	   flow	   is	   influenced.	  The	  PLC	   effect	   is	   a	   technologically	   important	   problem	   as	   inhomogeneous	   plastic	  straining	   increases	   the	   geometrical	   perturbations,	   resulting	   in	   an	   increased	  probability	  of	  shear	  failure.	  Extensive	  studies	  on	  the	  PLC	  effect	  and	  dynamic	  strain	  aging	   have	   been	   carried	   out	   by	   Baird,	   (1973);	   Brindley,	   (1970);	   Kocks,	   (1979);	  Chihab	  et	  al.,	  (1987);	  Estrin,	  (1993);	  Hähner,	  (1993,	  1995,	  1997,	  1998,	  2001);	  Klose,	  (2004);	  Tong	  et	  al.,	  (2007)	  and	  Benallal	  et	  al.,	  (2006).	  Rizzi	  et	  al.,	  (2004)	  provides	  a	  historic	  viewpoint	  on	  the	  studies	  relating	  to	  the	  PLC	  effect	  and	  dynamic	  strain	  aging.	  	  Benallal	   et	   al.,	   (2008)	  made	   use	   of	   strain	   gages	   fixed	   on	   AA5083	   aluminum	   alloy	  specimens	   to	   study	   the	   serrated	   flow	  behavior.	  They	  observed	   that	   the	   serrations	  occur	   only	   after	   a	   particular	   strain	   threshold	   is	   reached.	   Figure	   1.2(a)	   shows	   the	  strain	   evolution	   of	   5083	   alloys,	   and	   Fig.	   1.2(b)	   shows	   a	   portion	   of	   the	   former	   in	  greater	   detail.	   The	  placement	   of	   the	   strain	   gages	   suggests	   that	   a	   band	  propagates	  every	  time	  a	  stair	  is	  seen	  in	  the	  strain	  history.	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Fig. 1.2: Strain history for a AA5083 aluminum dogbone specimen. (a) Strain data 
acquired by 6 strain gages. (b) Close-up of rectangular area shown in Fig 1.2(a) (Benallal et 
al., 2008). 	  A	   comparison	   of	   the	   data	   acquired	   by	   Benellal	   et	   al.,	   (2008)	   using	   digital	   image	  correlation,	  or	  DIC	  (an	  optical	  deformation	  analysis	  technique	  illustrated	  in	  Section	  1.4),	   was	  made	  with	   the	   strain	   gage	   data	   presented	  with	   the	   corresponding	   load	  history	  (see	  Fig.	  8	  in	  Benallal	  et	  al.,	  2008).	  From	  an	  experimental	  point	  of	  view,	  DIC	  promises	  to	  be	  an	  effective	  tool	  in	  characterizing	  dynamic	  strain	  aging	  and	  PLC	  band	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morphology	   and	   behavior.	   At	   multiple	   scales	   with	   suitable	   spatio-­‐temporal	  resolution,	   it	   is	   possible	   to	   understand	   the	  micromechanical	   behaviors	   that	   affect	  the	  continuum	  scale	  response	  of	  the	  materials	  that	  exhibit	  a	  PLC	  effect.	  	  	  Wang	  et	  al.,	  (2007)	  studied	  the	  temporal	  characteristics	  of	  PLC	  behavior	  in	  AA5052	  using	  DIC.	   Fig.	   1.3(a)	   shows	   the	   load	   history	   of	   the	   test	   specimen,	   and	   Fig.	   1.3(b)	  shows	  time-­‐resolved	  images	  and	  DIC	  strain	  maps	  of	  the	  deformation	  process,	  where	  banding	   behavior	   is	   evident.	   The	   eight	   incremental	   plastic	   strain	   maps	   were	  obtained	  by	  a	  correlation	  analysis	  of	  adjacent	  image	  pairs.	  The	  number	  of	  PLC	  bands	  in	   a	   strain	   map	   based	   on	   an	   image	   pair	   shown	   in	   Fig.	   1.3(b)	   was	   found	   to	   be	  identical	  to	  the	  number	  of	  major	  sudden	  load	  drops	  that	  were	  recorded.	  	  
	  
Fig. 1.3: (a) Load history showing serrated behavior in AA5052.  (b) Plastic strain maps 
obtained from DIC (Tong et al., 2007). 
 	  
!" #"a! b!
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Hastelloy	   X	   was	   chosen	   as	   a	   ‘simple’	   high-­‐temperature	   alloy,	   with	   predictable	  behavior	   under	   isothermal	   and	   non-­‐isothermal,	   cyclic	   thermo-­‐mechanical	   loading	  (Military	  Handbook	  MIL-­‐HDBK-­‐5H).	  However,	   the	  behavior	   is	  actually	  complex,	  as	  the	   hardening	   response	   under	   certain	   thermo-­‐mechanical	   cycles	  was	   found	   to	   be	  unbounded	  by	  the	  isothermal	  behaviors	  at	  the	  same	  test	  temperatures	  (Miner	  et	  al.,	  1992).	  Chromium	  carbide	  precipitation	  in	  many	  Ni-­‐base	  alloys	  can	  produce	  dynamic	  strain	   aging	   effects	   during	   deformation.	   Jenkins,	   (1969)	   showed	   that	   solute	   drag	  effects	   in	  Ni-­‐alloys	   below	  300°C	  were	   influenced	  by	   carbon	   alone.	   Sakthivel	  et	  al.,	  (2012)	  presented	  the	  stress-­‐strain	  curves	  for	  Hastelloy	  X	  in	  the	  temperature	  range	  of	   300-­‐1023	   K,	   at	   three	   different	   strain	   rates.	   They	   observed	   serrated	   flow	   at	  temperatures	  between	  523	  K	  and	  927	  K.	  No	  serrations	  were	  noticed	  below	  473	  K.	  Serrations	  of	  A,	  A+B,	  B	  and	  C	  type	  were	  observed	  and	  are	  shown	  in	  Fig.	  1.4.	  Type	  A	  serrations	   show	   an	   abrupt	   rise	   and	   drop	   in	   stress,	   whereas	   type	   B	   serrations	  oscillate	  close	  to	  the	  general	  stress-­‐strain	  curve.	  Type	  C	  serrations	  are	  more	  random	  and	  do	  not	  have	  the	  regularity	  of	  the	  larger	  amplitude	  of	  A,	  or	  the	  smaller	  amplitude	  B	  type	  serrations.	  The	  frequency	  of	  serrations	  was	  found	  to	  reduce	  with	  progressive	  deformation.	  Analysis	  was	   also	   carried	  out	   to	  determine	   the	   critical	   strain	   for	   the	  onset	   of	   serrated	   plastic	   flow.	   There	   is	   otherwise	   limited	   data	   available	   that	  characterizes	  PLC	  behavior	  at	  high	  temperatures,	  and	  in	  Ni-­‐base	  super-­‐alloys.	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Fig. 1.4: Stress-strain curves showing serrated flow of Hastelloy X. Different band types 
are observed and are dependent on the temperature (Sakthivel et al., 2012).  	  
1.3 	  The	  Cottrell-­‐Stokes	  effect	  
	  In	   1955,	   Cottrell	   and	   Stokes,	   using	   single	   crystals	   of	   aluminum	   showed	   that	   the	  tensile	   strength	  of	  materials,	  deformed	   to	  a	  given	   strain	  at	  different	   temperatures	  depends	  on	  two	  parameters:	  (i)	  a	  reversible	  pure	  temperature	  dependence,	  and	  (ii)	  an	   irreversible	   change	   in	   the	   structure	   of	   the	   material.	   The	   irreversible	   change	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depends	  on	  the	  amount	  of	  strain	  and	  the	  temperature	  at	  which	  the	  straining	  takes	  place.	  Therefore,	  the	  tensile	  strength	  at	  a	  given	  value	  of	  temperature	  and	  strain	  is	  a	  function	  of	  both	  the	  temperature	  path	  and	  strain	  path	  to	  the	  final	  state.	  Figure	  1.5	  shows	   a	   schematic	   of	   a	   Cottrell-­‐	   Stokes	   test	   indicating	   a	   drop	   in	   flow	   stress	   on	  reloading	   at	   a	   lower	   temperature,	   following	   plastic	   straining	   at	   a	   higher	  temperature.	   An	   explanation	   of	   the	   yield	   drop	   is	   suggested,	   based	   on	   theories	   of	  work	  hardening.	  It	  has	  been	  proposed	  that,	  under	  the	  combined	  influence	  of	  stress	  and	  temperature,	  sessile	  dislocations	  at	  the	  heads	  of	  piled-­‐up	  groups	  of	  dislocations	  become	  unlocked.	  The	  piled-­‐up	  groups	   then	  partly	  collapse	  and	  many	  dislocations	  are	  released	  for	  slip	  (Kubin	  and	  Estrin,	  1990).	  The	  role	  of	  static	  and	  dynamic	  strain	  aging	  in	  the	  dislocation	  pile-­‐up	  has	  been	  studied	  by	  Kubin	  et	  al.,	  (1992).	  	  	  	  
	  
Fig. 1.5: Schematic of the Cottrell-Stokes test (1955) showing loading at two different 
temperatures ( !2 <!1 ). Reloading is shown with a corresponding drop in flow stress (σf < 
σ*) at strain level εf.   
!
! ! f
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There	  is	  also	  experimental	  evidence	  to	  show	  the	  effect	  of	  material	  inhomogeneity	  and	  geometric	  features	  that	  affect	  the	  strain	  aging	  behavior	  of	  a	  material.	  The	  complexity	  of	  the	  material	  response	  under	  the	  effect	  of	  stress	  concentrations	  makes	  constitutive	  modeling	  a	  greater	  challenge.	  Figure	  1.6	  shows	  the	  evolution	  of	  PLC	  bands	  in	  specimens	  with	  U-­‐notches	  (Tong	  et	  al.,	  2011).	  	  
	  
Fig.1.6: Fully developed PLC bands influenced by the presence of stress concentration 
(Tong et al., 2011). 
	  
1.4 	  Digital	  Image	  Correlation	  
	  This	   work	   uses	   the	   experimental	   technique	   of	   digital	   image	   correlation	   (DIC)	  extensively.	  DIC	  is	  a	  technique	  for	  measuring	  full-­‐field	  displacements	  by	  comparing	  an	   image	  of	  a	  deformed	  specimen	  surface	   to	  a	   reference	   image	  at	  an	  earlier	   state.	  More	  information	  about	  the	  method	  can	  be	  found	  in	  Chu	  et	  al.,	  (1985)	  and	  Sutton	  et	  
al.,	   (2009).	   Efsthathiou	   et	   al.,	   (2010)	   used	   the	   DIC	   technique	   to	   study	  multi-­‐scale	  plastic	   deformation	   in	   polycrystalline	   titanium.	   The	   DIC	   method	   tracks	   the	  displacements	  of	  markers	  on	  the	  specimen	  surface	  between	  the	  two	  images.	  These	  measurements	  are	  achieved	  by	  comparing	  the	  features	  of	  a	  pair	  of	  digital	  images	  of	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a	  random-­‐speckled	  surface	  of	  the	  specimen.	  The	  basis	  of	  this	  technique	  is	  to	  match	  small	  groupings	  of	  pixels	  (subsets),	  between	  digital	  images	  taken	  at	  different	  times	  during	  the	  deformation.	  	  	  Because	   individual	  pixel	   intensities	  within	  an	   image	  are	  not	  unique,	   the	  algorithm	  measures	   displacements	   by	   searching	   for	   the	   best	   correlation	   between	   images	   of	  subsets	  –	  small	  square	  groupings	  of	  pixels.	  A	  subset	  is	  first	  defined	  in	  the	  reference	  image,	   and	   optimization	   techniques	   are	   used	   to	   find	   its	   best	   match	   is	   in	   the	  deformed	   image,	   thus	   providing	   a	   displacement	   vector	   assigned	   to	   that	   subset’s	  center,	   referred	   to	   as	   a	   correlation	   point.	   This	   process	   is	   repeated	   for	   many	  correlation	  points	  in	  the	  image	  to	  obtain	  a	  displacement	  field.	  The	  location	  of	  a	  point	  within	  the	  subset	  in	  the	  deformed	  image,	   is	  given	  by	  a	  Taylor	  expansion	  about	  the	  center	  point,	  P,	  of	  the	  subset	  in	  the	  reference	  image ,	  	  
	   	   (1.1)	   	  
	  	   	   (1.2)	  
	  where	  (x,	  y)	  are	  the	  reference	  coordinates	  of	  the	  point.	  The	  horizontal	  and	  vertical	  displacement	   fields	   are	   represented	   by	   u	   and	   v,	   respectively,	   and	   	  and	  .	   	  During	  deformation,	  subsets	   that	  are	   initially	  square	   in	  shape	  deform	  to	  non-­‐square	  geometries	  depending	  on	  the	  type	  of	  loading.	  The	  higher	  order	  terms	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including	  displacement	  gradients	  (and	  the	  second	  order	  terms)	  in	  Eq.	  1.1	  and	  Eq.	  1.2	  allow	  the	  subsets	  to	  change	  shape	  according	  to	  material	  deformation.	  An	  example	  of	  simple	  linear	  deformation	  without	  the	  need	  for	  quadratic	  terms	  is	  shown	  in	  Fig.	  1.7.	  It	   is	   evident	   that	   the	   subset	   size,	   and	   indirectly	   the	   pixel	   size,	   controls	   the	  measurement	  resolution	  of	  DIC.	  However,	  since	  neither	  the	  subset	  size	  nor	  the	  pixel	  size	   is	   a	   fixed	  physical	   parameter,	   the	  DIC	   technique	   can	  be	  used	   as	   a	  multi-­‐scale	  tool	   in	  deformation	  analysis.	   	  The	   technique	  of	  digital	   image	  correlation	  has	  many	  advantages	   compared	   to	   other	   optical	   techniques.	   It	   requires	   a	   relatively	   simple	  experimental	  setup,	  with	  minimal	  optics,	  and	  the	  data	  analysis	  is	  easily	  automated.	  The	  main	  components	  of	  the	  setup	  are	  discussed	  in	  detail	  in	  Chapter	  2.	  	  
	  
Fig 1.7: Schematic representation of a subset undergoing deformation. Each point can 
be mapped to a new location on the deformed subset. 
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1.5 Objectives 	  The	  main	  objective	  of	  this	  work	  is	  to	  investigate	  the	  response	  of	  Hastelloy	  X,	  which	  is	   a	   high	   performance	   Ni-­‐superalloy,	   under	   cyclic	   thermo-­‐mechanical	   loading	  conditions,	   and	   to	   investigate	   the	   PLC	   effect	   that	   is	   dominant	   during	   its	   plastic	  deformation	   using	   the	   technique	   of	   digital	   image	   correlation.	   The	   DIC	   technique,	  which	  will	  be	  used	  here,	  is	  still	  under-­‐utilized	  for	  studying	  dynamic	  straining	  effects,	  and	  has	  not	  been	  used	  in	  the	  observation	  of	  the	  phenomenon	  at	  high	  temperatures.	  The	   specimen	   geometries	   used	   here	   are	   similar	   to	   those	   used	   in	   the	   studies	   of	  Benallal	  et	  al.,	   (2008)	  and	  Tong	  et	  al.,	  (2011).	  There	  have	  also	  been	  a	   lot	  of	  recent	  studies	  that	  attribute	  flow	  stress	  variability	  to	  the	  presence	  of	  dynamic	  strain	  aging	  effects.	  Since	  the	  candidate	  material	  exhibits	  a	  well-­‐defined	  serrated	  flow	  behavior	  at	  higher	   temperatures,	   it	   is	   important	   to	   investigate	   the	  plastic	   flow	  behavior	   for	  the	   purpose	   of	   understanding	   the	   material	   physics	   for	   numerical	   modeling.	   The	  influences	   of	   geometric	   discontinuities	   that	   affect	   the	   straining	   behavior	   of	   the	  material	  have	  also	  been	  studied.	  	  	  In	  summary,	  the	  specific	  objectives	  of	  this	  work	  are	  to:	  	  (i)	  Study	  the	  mechanical	  response	  of	  Hastelloy	  X	  under	  thermal	  loading,	  and	  characterize	  the	  dynamic	  strain	  aging	  behavior	  and	  analyze	  the	  formation	  of	  PLC	  bands.	  (ii)	  Examine	  the	  material	  behavior	  under	  a	  Cottrell-­‐Stokes	  test	  to	  investigate	  the	  influence	  of	  dynamic	  strain	  aging	  on	  the	  plastic	  history	  of	  Hastelloy	  X.	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(iii)	  Investigate	  the	  effect	  of	  stress	  concentrations	  on	  the	  PLC	  band	  behavior	  and	  its	  effect	  on	  the	  strain	  accumulation	  behavior.	  	  	  
1.6	  Thesis	  Outline	  	  	  This	   thesis	   reports	   the	   experimental	   investigation	   of	   thermo-­‐mechanical	   plastic	  behavior	  and	  temperature	  driven	  inhomogeneities	  in	  the	  response	  of	  a	  Nickel	  based	  super-­‐alloy,	   Hastelloy	   X.	   Chapter	   2	   describes	   the	   material,	   and	   the	   challenges	  involved	   in	   high	   temperature	   testing.	   DIC	   is	   used	   to	   measure	   local	   strain	   levels,	  while	   macroscale	   response	   is	   determined	   through	   global	   force-­‐displacement	  measurements.	   This	   chapter	   also	   discusses	   the	   surface	   preparation	   and	   speckle	  pattern	   deposition	   for	   high	   temperature	   DIC.	   Chapter	   3	   discusses	   the	   material	  response	  at	  various	  test	  temperatures,	  and	  offers	  explanation	  on	  the	  serrated	  flow	  behavior	  of	  Hastelloy	  X.	  Chapter	  3	  also	  extends	  the	  PLC	  band	  formation	  at	  various	  temperatures,	  and	  offers	  an	  explanation	  on	  the	  interaction	  between	  the	  load	  history	  and	  strain	  behavior.	  Chapter	  4	  deals	  with	  a	  thermo-­‐mechanical	  Cottrell-­‐Stokes	  test	  protocol,	  and	  illustrates	  the	  effect	  of	  plastic	  history	  with	  thermal	  cycling,	  on	  further	  plastic	  strain	  evolution,	  and	  a	  consequent	  reduction	  in	  flow	  stress.	  Chapter	  5	  aims	  at	  studying	   the	   influence	   of	   dynamic	   strain	   aging	   in	   the	   presence	   of	   a	   stress	  concentration.	  PLC	  band	  initiation	  and	  its	  effect	  on	  the	  strain	  field	  are	  also	  studied.	  Chapter	   6	   summarizes	   the	   results	   and	   presents	   the	   conclusions	   drawn	   from	   this	  research	  project.	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Chapter	  2	  Experimental	  Methods	  
	  
2.1	  Material	  and	  Specimen	  Preparation	  	  The	  material	  used	   in	   this	   study	   is	  Hastelloy	  X	  –	  a	   registered	   trademark	  of	  Haynes	  Corporation	   (www.haynesintl.com).	   Hastelloy	   X	   is	   a	   solution	   heat-­‐treated	   Nickel	  based	   superalloy	   with	   superior	   high	   temperature	   strength	   compared	   to	  conventional	  metals.	   Hastelloy	   X	   has	   been	  widely	   used	   in	   gas	   turbine	   engine	   and	  combustion	  zone	  components.	  (Source:	  Haynes	  International	  material	  datasheet).	  It	  is	   also	   gaining	   use	   in	   industrial	   furnace	   chambers	   because	   of	   its	   high	   oxidation	  resistance	   and	   thermal	   stability.	   The	   material	   was	   obtained	   from	   Haynes	   Corp.	  (batch	   heat	   number:	   2600-­‐1-­‐4793).	   The	   chemical	   composition	   of	   the	   batch,	   as	  provided	  by	  the	  supplier	  is	  listed	  in	  Table	  2.1.	  	  	  
TABLE 2.1: Composition of Hastelloy X (% by composition) used in this study 
Al	   B	   C	   Co	   Cr	   Cu	   Fe	   Mn	   Mo	  0.10	   <0.002	   0.075	   1.69	   21.22	   0.10	   18.97	   0.65	   8.40	  	  	  	  	  
Ni	   P	   S	   Si	   Ti	   W	  
BAL	   0.015	   <0.002	   0.29	   <0.01	   0.56	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Comparison	   to	   a	   previous	   batch	   (batch	   heat	   number:	   2600-­‐8-­‐4956)	   shows	  minor	  variability	   in	   concentrations	  of	   carbon,	   chromium,	   iron	  and	  nickel.	  There	   is	   also	   a	  reduction	   in	   the	   yield	   stress	   and	   the	   elongation	   at	   fracture	   by	   25	   MPa	   and	   4%	  respectively.	   All	   experiments	   in	   this	   study	   were	   conducted	   using	   specimens	  obtained	  from	  the	  same	  batch,	  and	  the	  specimen	  were	  cut	  in	  the	  rolling	  direction	  of	  the	   plate,	   which	  was	   identified	   by	   rolling	  marks	   on	   the	   surface	   of	   the	   plate.	   Two	  different	   specimen	   geometries	   were	   used	   during	   this	   study.	   Monotonic	   uniaxial	  tension	  tests	  were	  carried	  out	  with	  a	  dog-­‐bone	  specimen	  (shown	  in	  Fig.	  2.1(a)),	  and	  double	  U-­‐notched	  specimens	  (Fig.	  2.1(b))	  were	  used	  to	  study	  the	  effects	  of	  a	  biaxial	  stress	  state.	  	  The	  specimens	  were	  machined	  using	  electro-­‐discharge	  machining	  from	  a	  stock	  3mm	  thick	  plate	  which	  was	  cut	  in	  the	  half	  in	  the	  through	  thickness	  direction,	  to	   produce	   samples	   that	   were	   1.5mm	   thick.	   This	   sectioning	   process	   generated	   a	  newly	   exposed	   specimen	   surface.	   Surface	   preparation	   of	   either	   surface	   prior	   to	  testing	  showed	  no	  variability	  in	  the	  results.	  	  	  The	  specimen	  surface	  was	  polished	  with	  coarse	  grit	  (400,	  600)	  followed	  by	  fine	  grit	  polishing	  papers	  (P1500,	  P	  2400	  and	  P4000),	  to	  ensure	  a	  flat	  surface	  for	  spraying	  a	  suitable	   speckle	   pattern.	   The	   polishing	   was	   accomplished	   on	   a	   Streurs	   variable	  speed	  metallurgical	  preparation	  wheel	  with	  Buehler	  consumables.	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Fig. 2.1: (a) Dog-bone specimen, (b) Double U-notch specimen. Both specimens have a 
nominal gage section width of 3 mm and thickness of 1.5 mm 	  One	   specimen	   was	   also	   etched	   after	   polishing	   using	   Aquaregia	   (a	   3:1	   mixture	   of	  concentrated	  Hydrochloric	  acid	  and	  nitric	  acid).	  The	  etching	  agent	  was	  prepared	  in	  a	  very	  small	  quantity	  (5	  ml)	  because	  of	  its	  highly	  corrosive	  nature,	  and	  extreme	  care	  was	   taken	  during	   its	  handling.	  The	  specimen	  was	  swabbed	   for	  5	  minutes	  with	   the	  agent,	   and	   thoroughly	   rinsed	   with	   water,	   and	   allowed	   to	   dry.	   The	   specimen	   was	  then	   observed	   under	   an	   optical	  microscope,	   at	   a	  magnification	   of	   10x.	   Figure	   2.2	  shows	   the	   grain	   structure	   of	   the	   current	   batch	   of	   Hastelloy	   X,	   with	   the	   grain	  boundaries	  clearly	  revealed.	  The	  average	  grain	  size	  was	  found	  to	  be	  about	  60	  μm.	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Fig. 2.2: Grain structure of Hastelloy X, viewed under an optical microscope (10x). 
Specimen was etched with Aqua regia. The corrosive nature of etchant is viewed as 
pitting marks on the surface and grain boundaries of the specimen. The average grain 
size was found to be about 60µm 
	  
2.2	  Experimental	  Setup	  
	  An	   Instron	   8800	   servo-­‐hydraulic	   load	   frame	  was	   used	   to	   load	   the	   specimen.	   The	  grips	   were	   specifically	   designed	   for	   use	   with	   the	  machined	   specimens.	   The	   grips	  used	  are	  custom	  designed	  clamp	  type	  friction	  grips.	  A	  steel	  pin	  was	  used	  to	  align	  the	  specimen	  on	  the	  grips.	  The	  loading	  was	  controlled	  via	  a	  computer	  using	  a	  LABVIEW	  interface.	   The	   interface	   allows	   control	   of	   the	   load	   ramp	   type	   as	   well	   as	   the	  magnitude	  and	  loading	  rate.	  There	  is	  also	  a	  provision	  for	  control	  of	  the	  CCD	  camera	  for	  capturing	  images	  in	  synchronization	  with	  the	  loading	  process.	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For	   tests	   at	   elevated	   temperatures,	   an	   induction	   coil,	   connected	   to	   a	   LEPEL	  induction	   heater,	   was	   placed	   around	   the	   specimen.	   The	   coil	   is	   made	   from	  commercial	  copper	  tubing,	  and	  coated	  with	  high	  temperature	  insulation	  paint.	  The	  temperature	   of	   the	   specimen	   is	   proportional	   to	   the	  plate	   current	   in	   the	   induction	  heater	  monitored	   using	   the	   induction	   heater	   controls.	  When	   the	   induction	   heater	  was	  turned	  on,	  eddy	  currents	  setup	  in	  the	  specimen	  due	  to	  the	  electric	  field	  around	  the	   coils	  heated	  up	   the	   specimen.	  The	  current	  was	   set	   constant	  once	   the	   required	  specimen	  temperature	  was	  reached.	  Figure	  2.3	  shows	  the	  use	  of	  an	  induction	  coil	  to	  heat	   a	   specimen	   to	   the	   test	   temperature.	   A	   Neslab	   chiller	   was	   used	   to	   circulate	  cooling	  water	  around	  the	  grips	  to	  prevent	  heating	  of	  the	  pin	  and	  grip	  surfaces	  and	  maintain	  a	  constant	  grip	  temperature.	  This	  resulted	  in	  a	  temperature	  gradient	  in	  the	  specimen	  grip	  interface.	  Since	  the	  induction	  coil	  surrounded	  the	  entire	  gage	  section	  of	   the	   specimen,	   there	  was	   no	   steady	   state	   temperature	   gradient	   at	   the	   specimen	  location	  that	  was	  imaged.	  	  
	  
Fig. 2.3: Specimen heating by induction coil. To monitor the temperature, 
thermocouples are welded onto the specimen. (Image courtesy of W.Abuzaid, Dept. of 
Mechanical Engineering, University of Illinois at Urbana Champaign) 
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The	   specimen	   temperature	   was	   measured	   by	   welding	   a	   K-­‐type	   (chromel-­‐alumel)	  thermocouple	  to	   the	  unprepared	  surface	  of	   the	  specimen,	  which	   is	  directly	  behind	  the	  area	  that	  is	  imaged.	  The	  thermocouple	  is	  connected	  to	  a	  Micristar	  temperature	  measurement,	  control	  and	  output	  interface.	  The	  leads	  are	  enclosed	  inside	  a	  ceramic	  sheath	   to	   prevent	   interference	   and	   arcing	   between	   the	   induction	   heater	   coils.	  Ensuring	   a	   high	   quality	   of	   weld	   minimizes	   the	   error	   in	   the	   temperature	  measurement.	   In	   all	   tests,	   the	   temperature	   is	   limited	   to	   of	   the	   indicated	   test	  temperature.	  A	  previous	   study	   showed	   that	  within	   the	  gage	   section,	   there	   is	   good	  uniformity	   in	   the	   specimen	   temperature.	   This	   was	   achieved	   by	   welding	   multiple	  thermocouples	   on	   the	   sample	   over	   a	   suitably	   large	   gage	   length	   and	   monitoring	  temperature	  readouts.	  This	  test	  is	  specific	  to	  the	  coil	  used,	  which	  indirectly	  depends	  on	   the	   specimen	   geometry.	   For	   the	   case	   of	   the	   notched	   specimens,	   temperature	  uniformity	  was	  studied	  in	  the	  area	  between	  the	  two	  notches.	  	  	  A	  Schott	  compact	  illuminator,	   fitted	  with	  a	  gooseneck	  fiber	  optic	  conduit	  was	  used	  to	  provide	  uniform,	  high-­‐intensity	   illumination	  to	  the	  specimen.	  The	  shutter	  speed	  and	  brightness	  of	  the	  CCD	  camera	  were	  then	  adjusted	  to	  obtain	  high	  quality	  images	  of	   the	   speckled	   surface.	   The	   imaging	   setup	   consists	   of	   an	   imiTech	   CCD	   camera	  attached	  to	  a	  Navitar	  12x	  zoom	  lens	  with	  a	  2x	  adapter.	  The	  assembly	  is	  mounted	  on	  a	  tripod	  with	  manual	  XY	  translation	  stage	  to	  allow	  for	  focusing	  of	  the	  area	  of	  interest	  of	   the	   specimen.	   After	   calibration	   using	   calibration	   targets,	   the	   field	   of	   view	  was	  measured	  to	  be	  4.5	  mm	  x	  3	  mm	  at	  a	  magnification	  of	  2x.	  The	  camera	  consists	  of	  a	  1920	   x	   1200	   pixel	   CCD	   array,	   and	   is	   controlled	   through	   an	   I-­‐1394	   firewire	   I/O	  
 ±5°C
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interface.	  The	  camera	  acquires	  8-­‐bit	  monochrome	  images	  with	  pixel	  intensity	  values	  in	   the	   range	   of	   0(black)	   –	   255(white).	   The	   imaging	   and	   loading	   during	   the	  experiments	  were	  controlled	  using	  a	  LABVIEW	  Interface	   that	  allows	  simultaneous	  control	  of	  the	  camera	  and	  loadframe,	  as	  well	  as	  continuous	  data	  acquisition	  from	  the	  load	  cell	  and	  actuator	  LVDT.	  	  Figure	  2.4	  shows	  a	  photograph	  of	  the	  entire	  test	  setup.	  	  	  
	  
Fig. 2.4: High Temperature DIC setup. Main components of the setup included the load 
frame, induction heater, camera-lens assembly, and a high intensity light source. Cooling 
water was circulated to maintain constant grip temperature (Image Courtesy of 
W.Abuzaid). 	  In	  order	   to	   carry	  out	   the	  experiment,	   the	   induction	   coil	  was	   first	   aligned	  with	   the	  grips,	  and	  the	  specimen	  was	  inserted	  into	  the	  coil	  from	  beneath.	  	  The	  steel	  pin	  was	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then	  used	  to	  hold	  the	  specimen	  on	  the	  upper	  grip.	  Noting	  that	  the	  machine	  was	  in	  displacement	   control,	   the	  bottom	  grip	  was	   jogged	   till	   the	  pinhole	  of	   the	   specimen	  and	  grip	  were	  aligned,	  and	  a	  second	  pin	  was	  inserted.	  The	  grips	  were	  then	  clamped	  with	  screws,	  and	  mildly	  tightened.	  The	  machine	  was	  then	  switched	  to	  load	  control	  mode,	   set	   to	   a	   slight	   pre-­‐tension	   (0.005	   kN),	   and	   the	   clamps	   were	   tightened	  completely.	  The	  pre-­‐tension	  was	   then	   removed.	  A	   thermocouple	  was	  welded	  onto	  the	  back	  surface	  of	  the	  specimen.	  The	  thermal	  readout	  device	  provided	  the	  real-­‐time	  temperature	  of	  the	  specimen.	  	  	  A	  double	  ramp	  LABVIEW	  program	  was	  used	  to	  load	  both	  the	  tension	  dog-­‐bone	  and	  double	   U-­‐notched	   specimens	   on	   the	   load	   frame.	   The	   loading	   was	   carried	   out	   in	  displacement	  control	  and	  the	  unloading	  in	  load	  control.	  Data	  from	  the	  load	  cell	  and	  LVDT	  were	   recorded	   by	   the	   program	   every	   50	  ms.	   Images	  were	   acquired	   from	   a	  program	  controlled	  firewire	  camera	  every	  2	  seconds.	  Once	  the	  test	  was	  completed,	  the	  images	  were	  transferred	  to	  a	  commercial	  image	  correlation	  software	  VIC-­‐2D.	  	  	  The	  VIC-­‐2D	  software	  allows	  calibration	  of	  the	  images,	  and	  selection	  of	  the	  area	  over	  which	  the	  DIC	  algorithm	  would	  be	  applied.	  The	  program	  solves	  for	  the	  displacement	  and	   strain	   components	   over	   the	   entire	   area,	   and	   uses	   interpolation	   for	   sub-­‐pixel	  resolution.	   An	   initial	   guess	   point	   was	   specified	   in	   the	   reference	   image	   for	   the	  algorithm,	  and	  a	  subset	  size	  of	  51	  x	  51	  pixels	  with	  an	  offset	  of	  5	  pixels	  was	  used	  to	  carry	  out	   the	  correlation.	  This	  subset	  size	  and	  offset	  were	  selected	  to	  ensure	   least	  decorrelation	  between	   images	   and	  provide	   sufficient	   data	  points	   for	   analysis.	   The	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data	   was	   then	   visualized	   on	   VIC-­‐2D	   and	   exported	   to	   MATLAB	   for	   further	   post-­‐processing.	  The	  process	  of	  DIC	  has	  not	  been	  elucidated	  in	  this	  work,	  as	  it	  is	  a	  widely	  accepted	   technique	   (Sutton,	   2009).	   A	   concise	   introduction	   has	   been	   provided	   in	  Section	  1.4.	  	  
2.3	  Challenges	  with	  High	  Temperature	  Digital	  Image	  Correlation	  
Measurements	  
	  The	  need	   for	   accurate	   characterization	  of	   the	  mechanical	   behavior	   of	  materials	   at	  high	   temperatures	  has	   resulted	   in	  many	   studies	   on	   the	   application	  of	  DIC	   in	   such	  temperature	   regimes.	   Turner	   et	   al.,	   (1990)	   studied	   the	   thermal	   expansion	   of	  aluminum,	   steel	   and	   titanium	  using	  digital	   image	   correlation	   and	   specimens	  were	  prepared	   by	   spraying	   white	   manifold	   paint	   followed	   by	   a	   black	   speckle	   pattern.	  Coburn	   et	   al.,	   (1995)	   developed	   a	   laser	   speckle	   pattern	   to	   study	   the	   surface	  deformation	   of	   thermally	   stressed	   ceramics	   using	   DIC.	   Lyons	   et	   al.,	   (1996)	  conducted	   elevated	   temperature	   tests	   upto	   650°	   C	   to	   measure	   the	   thermal	  expansion	   of	   Incoloy	   909	   and	   study	   the	   deformation	   during	   a	   uniform	   tensile	  loading,	  to	  demonstrate	  the	  effectiveness	  of	  DIC	  in	  high	  temperature	  measurements.	  However,	   despite	  many	   such	   studies,	   obtaining	   effective	   speckle	  patterns	   for	   high	  temperature	  studies	  still	  remains	  a	  challenge.	  	  	  	  At	  higher	  temperatures,	  the	  intensity	  of	  thermal	  radiation	  from	  the	  specimen	  would	  overwhelm	  the	  camera	  sensor,	  thus	  making	  it	  unable	  to	  capture	  the	  speckle	  pattern	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on	   the	   specimen	   surface.	   Another	   limitation	   of	   high	   temperature	   DIC	   is	   possible	  damage	   to	   the	   speckle	   pattern	   itself	   at	   high	   temperatures.	   Powder	   based	   paints	  undergo	   transition	   at	   higher	   temperatures,	   that	   causes	   a	   change	   in	   the	   speckle	  pattern	  with	   specimen	   deformation.	   	   This	   speckle	   pattern	  would	   lead	   to	   failed	   or	  erroneous	  image	  correlation.	  Oxidation	  of	  the	  specimen	  surface	  is	  a	  serious	  issue	  at	  higher	   temperatures,	   and	   causes	   changes	   in	   the	   specimen	   surface	   roughness,	   and	  affects	  the	  deformation	  behavior.	  	  	  Another	   challenge	   is	   that	   of	   maintaining	   the	   specimen	   at	   a	   high	   and	   uniform	  temperature	  during	  the	  test.	  Lu	  et	  al.,	  (1997)	  made	  use	  of	  a	  ceramic	  heating	  plate	  to	  heat	  a	  cylindrical	  specimen.	  Thomson	  et	  al.,	  (2007)	  employed	  a	  small	   furnace	  with	  an	   optical	   viewport	   to	   study	   the	   effect	   of	   thermal	   coatings	   on	   Rene	   superalloys.	  Recently	  Pan	  et	  al.,	  (2010)	  used	  a	  radiative	  aerodynamic	  heating	  setup	  to	  measure	  the	  thermal	  expansion	  of	  steels.	  However,	  it	  is	  not	  common	  to	  have	  a	  heating	  setup	  for	  in	  situ	  material	  testing	  on	  a	  loadframe.	  Over	  the	  last	  decade,	  technology	  available	  for	  high	  temperature	  material	  study	  has	  developed	  significantly.	  Induction	  and	  laser	  based	  heating	   systems	  allow	  accurate	   feedback	   control	   and	  excellent	   temperature	  stability.	   It	   is	   also	   possible	   to	   incorporate	   induction-­‐heating	   systems	   inside	   a	  vacuum	   chamber.	   Coupling	   a	   control	   unit	   to	   the	   induction	   heater	   allows	  temperature	   feedback	   control.	   The	   drawback	   of	   using	   an	   induction	   heater	   is	   the	  reduced	   gage	   length	   that	   can	   be	   viewed	  with	   the	   camera,	   as	   a	   section	   of	   the	   coil	  passes	   in	   front	   of	   the	   specimen.	   Non-­‐uniformity	   of	   the	   coils	   results	   in	   variable	  heating	  of	  the	  specimen	  in	  different	  regions.	  Also,	  the	  coil	  diameter	  should	  allow	  the	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specimen	  to	  be	  inserted	  into	  the	  coil,	  and	  be	  able	  to	  heat	  it	  up	  to	  the	  required	  test	  temperature.	  	  
	  In	  order	  to	  prevent	  oxidation	  of	  the	  prepared	  specimen	  surface,	  a	  coating	  of	  VHT®	  high	  temperature	  white	  paint	  was	  sprayed	  onto	  the	  specimens.	  The	  specimen	  was	  sprayed	   in	   multiple	   passes,	   with	   each	   layer	   being	   allowed	   to	   dry	   before	   a	  subsequent	  layer	  was	  deposited,	  to	  ensure	  that	  the	  paint	  would	  not	  peel	  off	  during	  the	  experiment.	  The	  specimens	  were	  then	  cured	  using	  the	  procedure	  outlined	  by	  the	  supplier.	  They	  were	  baked	  for	  30	  minutes	  each	  at	  121°C,	  204°C	  and	  315°C	  with	  30	  minutes	  of	  cooling	  time	  between	  each	  cure.	  The	  paint	   layer	  should	  show	  the	  same	  response	  as	   the	  metal	   surface,	   and	  not	   shear	  at	   the	   interface.	  The	  painted	   surface	  was	   then	  polished	  with	   fine	   grit	   polishing	  paper	   (P4000	   grit)	   to	   ensure	   a	   smooth	  and	  even	  layer	  of	  paint.	  	  	  A	  random	  speckle	  pattern	  was	  then	  sprayed	  onto	  the	  painted	  surface	  using	  an	  Iwata	  Custom	  micron	  B	  airbrush.	  The	  paint	  media	  was	  VHT	  high	  temperature	  black	  paint	  that	  was	  diluted	  with	  commercial	  paint	  thinner	  in	  a	  70%-­‐30%	  ratio	  by	  volume.	  The	  airbrush	  was	  operated	  at	  the	  pressure	  of	  35	  psi.	  The	  paint	  was	  sprayed	  maintaining	  an	  optimum	  distance	  (~5-­‐6	  cm)	   from	  the	  specimen,	   in	  order	   to	  disperse	   the	  paint	  particles	   suitably.	   Once	   the	   speckle	   pattern	   was	   deposited,	   the	   specimens	   were	  heated	  up	  to	  the	  test	  temperature	  of	  600°C	  in	  an	  oven.	  This	  ensured	  all	  the	  solvent	  deposited	   during	   the	   speckling	   process	   was	   removed	   entirely,	   and	   the	   paint	  particles	   were	   oxidized,	   to	   avoid	   further	   reactions	   during	   the	   course	   of	   the	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experiment,	   and	   ensure	   that	   the	   speckle	   pattern	   remained	   unchanged	   during	   the	  test.	  	  	  
2.4	  Data	  Analysis	  and	  Noise	  Assessment	  for	  High	  Temperature	  Experiments	  	  The	   technique	   of	   image	   averaging	   (W.Tong,	   2005)	   was	   used	   to	   determine	   the	  differences	   in	   the	  measured	   displacement	   and	   corresponding	   strain	   fields	   at	   high	  testing	   temperatures.	  For	  studying	  the	  noise	  during	   the	  experiments,	   images	  were	  acquired	  at	  the	  frame	  rate	  of	  the	  camera	  (15	  fps)	  for	  a	  period	  of	  5	  seconds	  both	  at	  the	   beginning	   and	   end	   of	   the	   loading	   cycle	   (Standard	   acquisition	   rate	   during	   all	  other	  experiments	  was	  0.5	  fps,	  i.e.,	  an	  image	  every	  2	  seconds).	  The	  images	  were	  then	  averaged	   using	   MATLAB’s	   image	   processing	   toolbox	   and	   a	   user-­‐developed	   code.	  Image	  averaging	   reduces	   the	  error	   inherent	   in	   recording	   the	  pixel	  gray	   level	   for	  a	  given	  CCD	  camera	  array.	  Figure	  2.5	  shows	  the	  effect	  of	  averaging	  a	  series	  of	  images	  on	  the	  sensor	  noise	  present	  in	  the	  image,	  by	  varying	  the	  number	  of	  images	  averaged	  in	  each	  case.	  The	  image	  on	  the	  left	  corresponds	  to	  a	  randomly	  selected	  single	  image	  acquired	  at	  room	  temperature.	  The	  middle	  and	  right	  hand	  images	   in	  Fig.	  2.5	  show	  the	  average	  if	  10	  and	  25	  images	  recorded	  in	  a	  sequence	  respectively.	  It	  can	  be	  seen	  that	  the	  histogram	  of	  intensity	  distributions,	  shown	  below	  each	  image,	  is	  smoother	  when	  averaging	  is	  used.	  	  The	  standard	  deviation	  shows	  a	  slight	  increase	  to	  account	  for	  the	  shift	  in	  the	  mean	  intensity,	  which	  can	  be	  accounted	  for	  by	  the	  sensitivity	  of	  the	  CCD	  sensor.	  	  	  
	   27	  
Image	  averaging	  also	  removes	  any	  random	  rigid	  body	  motions	  in	  the	  displacement	  field	  induced	  by	  the	  machine	  vibration,	  as	  the	  averaging	  process	  outputs	  the	  mean	  position	   of	   the	   pixel	   vibration.	   Figure	   2.6	   shows	   the	   response	   in	   a	   loading-­‐unloading-­‐reloading	   experiment	   conducted	   to	   assess	   the	   image	   averaging	  characteristics,	  and	  Fig.	  2.7	  presents	  a	  DIC	   image	  with	  an	  overview	  of	   the	   location	  where	   the	   analysis	   was	   carried	   out	   along	   certain	   lines	   on	   the	   image.	   A	   dogbone	  specimen	  was	  loaded	  under	  monotonic	  tension	  at	  room	  temperature	  in	  two	  cycles,	  and	  images	  were	  recorded	  throughout	  the	  deformation	  process.	  Displacements	  and	  strains	  were	   then	  obtained	  through	  DIC	  analysis.	  The	   images	  obtained	  at	   the	  start	  and	  end	  of	  the	  experiment	  were	  used	  for	  the	  image	  averaging.	  One	  image	  each	  was	  obtained	  from	  the	  averaging	  of	  the	  two	  sets	  of	  20	  images	  at	  the	  zero	  load	  points	  of	  Fig.	  2.6.	  The	  resulting	  set	  of	  images	  was	  correlated	  using	  VIC-­‐2D,	  and	  compared	  to	  the	  data	  obtained	  from	  the	  correlation	  of	  the	  unaveraged	  images.	  The	  average	  strain	  obtained	   in	   the	  unaveraged	  case	   is	  shown	  against	   the	  zero	   load	  points	  on	  Fig.	  2.6.	  The	  average	  strain	  obtained	  from	  the	  image	  averaging	  technique	  over	  both	  cycles	  is	  indicated	  in	  Table	  2.2.	  	  	  Line	  scans	  along	  the	  specimen	  width	  at	  the	  locations	  indicated	  in	  Fig.	  2.7	  show	  the	  variation	   in	   the	   displacement	   and	   strain	   in	   both	   the	   averaged	   and	   unaveraged	  images.	   Figure	   2.8(a)	   shows	   the	   difference	   in	   the	   displacement	   on	   a	   macroscale	  sense	  i.e.	  by	  setting	  a	  large	  range	  in	  the	  plot	  for	  the	  displacement	  plot.	  However,	  the	  displacement	   field	   is	  not	  uniform,	  and	  shows	   local	  variation	  as	  seen	   in	  Fig.	  2.8(b),	  which	   is	   over	   a	   smaller	   range	   of	   displacements.	   A	   trend	   line	   is	   fit	   to	   the	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displacement	  field	  in	  both	  the	  averaged	  and	  unaveraged	  case.	  Figure	  2.8	  (b,	  c)	  and	  Fig.	   2.9	   (a,	   b)	   show	   the	   comparative	   displacement	   fields	   and	   the	   computed	   strain	  fields	   over	   both	   the	   load	   cycles	   respectively.	   The	   displacement	   and	   strain	   are	  plotted	  as	  a	  function	  of	  distance	  from	  the	  center	  of	  the	  specimen,	  along	  the	  line	  for	  which	   the	   data	   has	   been	   presented.	   The	   displacement	   measured	   from	   the	  unaveraged	  and	  the	  averaged	  images	  are	  found	  to	  have	  an	  offset	  of	  0.004mm,	  which	  at	   the	   current	   scale	   is	   approximately	   2	   pixels.	   There	   is	   not	  much	  deviation	   in	   the	  case	  of	  the	  strain	  field,	  which	  should	  not	  be	  affected	  at	  all	  by	  random	  rigid	  motions,	  thus	  making	  it	  less	  susceptible	  to	  improvement	  from	  image	  averaging.	  	  	  
	  
Fig. 2.5: Effect of averaging on a set of images acquired. There is reduction in the noise 
associated with the pixel intensities.  
 
Unaveraged Averaged set of 
10 Images 
Averaged set of 
25 Images 
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Fig. 2.6: Plot of stress-strain at room temperature for Hastelloy X. Mean strain values 
indicated are unaveraged values. Table 2.2 provides averaged values of strain. 
 
	  	  	   	  	  	  
Fig. 2.7: Tension specimen used for image averaging. Line scans are taken along three 
dashed lines A, B and C. The specimen is held on a fixed grip on top, and load is applied 
at the bottom. Subset size of 51 x 51 pixel was used.  
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TABLE 2.2: Mean strain in the case of image averaging for the tension test indicated 
in Fig 2.6 
Load	  cycle	   1	   2	  
Mean	  Eyy	  (%)	   2.730	   5.766	  
S.D	   0.00284	   0.00610	  
Difference	  from	  
Unaveraged	  Eyy	  	  
0.005%	   0.03	  %	  
	  	  
	  
Fig. 2.8(a): Displacement along line B (see Fig. 2.7) at the end of load cycle 1. There is 
not much difference observable in the displacement on a macroscale sense. A closer range 
shows local variations in the displacement that is seen in Fig. 2.8(b) 
 
 
Figure 2.8 continued. 	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Fig. 2.8(b): Displacement along line B (see Fig. 2.7) at the end of load cycle 1. The 
equation of the trend-line obtained by a least squares fit of the displacement data shows a 
difference of 0.004 mm between the averaged and unaveraged displacement data.  
 
Fig. 2.8(c): Displacement along line B (see Fig. 2.7) at the end of load cycle 2. The same 
intercept (0.004mm) is obtained for the least squares fit. This is the error associated with 
the displacement measurement using the DIC technique for the experiments 
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Fig. 2.9(a): Strain along line B (see Fig. 2.7) at the end of load cycle 1. The profile of 
strains obtained in the averaged case closely matches the case without averaging.  
 
 
 
Fig. 2.9(b): Strain along line B (see Fig. 2.7) at the end of load cycle 2.  	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Analysis	  shows	  that	   there	   is	  no	  significant	  difference	   in	  the	  computed	  strain	   fields	  and	  the	  variability	  of	  the	  strains	  is	  negligible.	  The	  line	  scan	  data	  along	  B	  previously	  described	   for	   the	   strains	   over	   both	   loading	   cycles	   shows	   similar	   response.	   The	  variation	   is	   the	   strain	   along	   the	   line	   scan	   can	   thus	   be	   attributed	   to	   strain	  localizations	  in	  the	  material	  due	  to	  micro-­‐structural	  contributions.	  Since	  the	  loading	  was	  monotonic	  and	  continuous	  in	  displacement,	  it	  was	  not	  possible	  to	  stop	  the	  cycle	  to	  acquire	  a	   large	  number	  of	   images	  during	  the	  cycle.	   	  A	  similar	  averaging	  process	  was	  also	  carried	  out	  at	  600°C,	  showing	  similar	  results.	  This	  data	  is	  presented	  in	  the	  discussion	  following	  room	  temperature	  analysis.	  	  	  Similar	  results	  for	  line	  scan	  data	  taken	  along	  A	  (farther	  from	  load-­‐line)	  and	  C	  (closer	  to	  load	  line)	  to	  study	  the	  effect	  of	  averaging	  on	  displacement	  and	  strain.	  In	  all	  cases,	  the	  difference	  in	  displacement	  was	  approximately	  0.004	  mm,	  which	  can	  be	  treated	  as	  the	  system	  error	  in	  the	  estimation	  of	  the	  displacements.	  These	  results	  are	  presented	  in	  Fig	  2.10	  and	  2.11	  respectively.	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Fig. 2.10: Strain along line A (Fig. 2.7) over both loading cycles. The magnitude of 
strain in lower than the strains observed along line B, as it is further away from the load 
line.  	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Fig. 2.11: Strain along line C (Fig. 2.7) over both loading cycles. The strains are of 
higher magnitude in comparison to strain values obtained by the line scan along A and B 	  	  Experimental	   data	   was	   also	   obtained	   in	   a	   similar	   fashion	   for	   a	   specimen	   tested	  under	  uniaxial	  tension	  at	  600°C.	  Images	  acquired	  at	  the	  start	  and	  end	  of	  the	  cycles	  were	  averaged,	  and	  the	  displacement	  and	  strains	  were	  extracted	  from	  VIC-­‐2D.	  The	  loading	   cycle	   is	   shown	   in	   Fig.	   2.12,	   and	   the	  mean	   strain	   comparison	   is	   shown	   in	  Table	   2.3.	   The	   loading	   was	   restricted	   to	   a	   single	   cycle,	   as	   the	   induction	   coils	  obstructed	   the	   field	  of	  view,	  and	   further	   image	  acquisition	  was	  not	  possible.	  As	   in	  the	  previous	  case,	   images	  were	  acquired	  at	  15	   fps	  at	   the	  beginning	  and	  end	  of	   the	  loading	  cycle,	  and	  a	  single	  average	   image	  was	  obtained	  from	  these	   images.	   Images	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were	  also	  acquired	  during	  the	  cycle.	  The	  images	  were	  correlated	  with	  the	  reference	  image	   captured	  at	   the	   commencement	  of	   the	   loading	   cycle.	  A	   single	   line	   scan	  was	  taken	  corresponding	  to	  line	  B	  (see	  Fig.	  2.7),	  to	  study	  the	  effect	  of	  averaging	  on	  the	  displacements	   and	   strains.	   The	   displacements	   obtained	   by	   averaging	   have	   been	  compared	   to	   the	   displacements	   obtained	   from	   the	   correlation	   of	   the	   unaveraged	  images	  are	  shown	   in	  Fig.	  2.13.	  The	  difference	   in	   the	  displacements,	  obtained	   from	  the	   difference	   of	   the	   intercept	   of	   a	   linear	   least	   squares	   fit	   to	   the	   data,	   was	  determined	   to	   be	   0.003mm.	   The	   corresponding	   strain	   data	   is	   shown	   in	   Fig.	   2.14.	  From	   the	   line	   scans,	   it	   is	   clear	   that	   averaging	   of	   any	   additional	   random	   error	  introduced	  into	  the	  analysis	  at	  high	  temperatures,	  does	  not	  have	  a	  significant	  effect	  on	  the	  output.	  Systematic	  noise	  on	  the	  other	  hand	  could	  not	  be	  determined	  and	   is	  assumed	  fixed	  for	  the	  given	  setup.	  	  	  
 
Fig. 2.12: Plot of stress-strain curve at 600°C temperature for Hastelloy X. Mean strain 
value indicated are unaveraged values. Table 2.3 provides averaged value of strain 
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TABLE 2.3: Mean strain in the case of image averaging for the tension test indicated 
in Fig 2.12 
Load	  cycle	   1	  
Mean	  Eyy	  (%)	   2.734	  
S.D	   0.00310	  
Difference	  from	  
Unaveraged	  Eyy	  	  
0.016	  %	  
	  	  	  
	  
Fig. 2.13: Displacement along line B (see Fig. 2.7) at the end of load cycle 1 for a high 
temperature experiment. The equation of the trend-line obtained by a least squares fit of 
the displacement data shows a difference of 0.003 mm between the averaged and 
unaveraged displacement data. This is similar to the data obtained in the case of the 
room temperature experiment. 
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Fig. 2.14: Strain along line B (see Fig. 2.7) at the end of load cycle 1 for the high 
temperature case. The profile of strains obtained in the averaged case closely matches the 
case without averaging.  	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Chapter	  3	  	  Monotonic	  Loading	  and	  Isothermal	  Response	  of	  Hastelloy	  X	  
	  
3.1	  High	  Temperature	  Monotonic	  Tension	  Experiments	  
	  The	  first	  phase	  of	  experiments	  were	  designed	  to	  characterize	  the	  high	  temperature	  response	   of	   Hastelloy	   X	   under	   monotonic	   and	   isothermal	   tension	   loading.	  Monotonic	  tension	  data	   is	  necessary	  for	  obtaining	  the	  material	  parameters	   for	  use	  with	   a	   generalized	   plasticity	  model	   that	   is	   being	   developed	   in	   a	   companion	   effort	  within	   the	  context	  of	   the	  Midwest	  Structural	  Sciences	  Center	   (Sobotka	  and	  Dodds,	  2012).	   Although	   literature	   for	   Hastelloy	   X	   exists	   in	   various	   handbooks	   (Military	  Handbook	  MIL-­‐HDBK-­‐5H),	  much	  of	  the	  available	  material	  data	  has	  been	  generated	  several	  decades	  ago.	  Even	   for	  nominally	   identical	   alloys,	  batch	   to	  batch	  variability	  can	  produce	  differences	  in	  quantities	  such	  as	  yield	  strength	  and	  elongation	  to	  failure	  that	   critically	   depend	   on	   microstructural	   parameters	   such	   as	   grain	   size	   and	  orientation.	  Therefore,	  a	  series	  of	  monotonic	  tension	  experiments	  were	  performed	  under	   isothermal	   conditions	   to	   determine	   the	   material	   response	   for	   the	   current	  batch	  of	  material.	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As	  mentioned	   in	   the	   previous	   section,	   loading	  was	   done	   in	   displacement	   control,	  with	  a	  strain	  rate	  of	  approximately	  10-­‐4	  s-­‐1.	  A	  separate	  experiment	  was	  run	  at	  room	  temperature,	  300°C,	  450°C,	  500°C,	  600°C	  and	  700°C.	   In	   each	   case,	   the	  experiment	  was	   initiated	   after	   the	   specimen	   achieved	   steady	   state	   temperature.	   The	   load	   cell	  and	  the	  LVDT	  were	  setup	  to	  record	  data	  every	  50ms.	  Each	  specimen	  was	  tested	  to	  a	  strain	  of	  10%	  and	  unloaded.	  Figure	  3.1	   shows	   the	   load-­‐displacement	  data	   at	   each	  test	  temperature	  as	  obtained	  by	  the	  machine	  load	  cell	  and	  crosshead	  displacement.	  	  It	  is	  observed	  that	  while	  the	  material	  response	  is	  monotonic	  at	  lower	  temperatures,	  response	   at	   higher	   temperatures	   is	   characteristic	   of	   serrated	   flow	   and	   exhibits	   a	  distinct	  Portevin-­‐Le	  Chatelier	  (PLC)	  effect	  (Sakthivel	  et	  al.,	  2012).	  The	  PLC	  effect	  is	  characteristic	  of	  sudden	  strain	   increments	  because	  of	  the	  presence	  of	  strain	  bands	  that	   travel	   along	   the	   length	   of	   the	   specimen,	   resulting	   in	   a	   localized	   strain	   ‘jump’.	  	  The	   corresponding	   effect	   in	   displacement	   control	  would	   be	   a	   load	   drop,	   allowing	  relaxation	  before	  reloading	  commences.	  	  	  Previous	   studies	   by	  Miner	   et	  al.,	   (1992)	   have	   confirmed	   the	   existence	   of	   dynamic	  strain	  aging	  behavior	   in	  Nickel-­‐based	  superalloys.	  The	  material	  exhibits	  a	  serrated	  flow	   behavior	   that	   is	   characteristic	   of	   the	   test	   temperature	   and	   strain	   rate	   (See	  Chapter	   1).	   Images	   acquired	   during	   the	   deformation	  were	   used	   to	   obtain	   the	   full	  field	   displacement	   and	   strains	   using	   a	   commercial	   digital	   image	   correlation	   code	  VIC-­‐2D.	   The	   code	   allows	   extraction	   of	   averages	   values	   of	   the	   calculated	   variables	  and	  full	  field	  data	  for	  further	  post-­‐processing.	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Fig. 3.1: Load-displacement data of Hastelloy X. Onset of serrated flow is observed 
around 300°C and is seen to reduce at higher temperatures.  	  The	  engineering	  stress	  and	  strain	  were	  computed	  in	  two	  ways	  (i)	  from	  the	  far	  field	  load	  and	  displacement	  data,	  thus	  providing	  a	  macroscopic	  measure	  of	  strain,	  and	  (ii)	  from	  the	  far	  field	  load	  and	  average	  strain	  computed	  using	  DIC	  over	  the	  field	  of	  view	  of	  4.5mm	  x	  3mm	  at	  a	  magnification	  of	  2x	  for	  the	  optical	  setup	  used	  –	  thus	  providing	  a	   local	   measure	   of	   the	   strain	   than	   before.	   Strains	   extracted	   from	   displacements	  recorded	   by	   the	   load-­‐frame	   LVDT	   were	   corrected	   to	   account	   for	   machine	  compliance	  (Padilla,	  2008)	  as	  follows	  
,	   	   	   	   (3.1)	  
 
1
KLVDT
=
1
KSPEC
+
1
K MC
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where	   KLVDT,	   KSPEC	   and	   KMC	   are	   the	   stiffness	   of	   the	   LVDT,	   specimen	   and	   machine	  respectively.	  The	  LVDT	   stiffness	  was	  obtained	   from	   the	   load	  displacement	  data	   at	  room	  temperature	  as	  
	   ,	   	   	   	   	   (3.2)	  
where	   !P 	  is	  the	  load	  increment	  and	   !X is	  incremental	  displacement	  obtained	  from	  the	  machine.	  The	  specimen	  stiffness	  was	  obtained	  from	  the	  room	  temperature	  DIC	  data	  by	  using	  the	  Young’s	  Modulus	  (which	  agreed	  reasonably	  with	  the	  Material	  data	  from	  Haynes	  Corp.)	  obtained	  at	  room	  temperature	  computed	  by	  the	  ratio	  of	  stress	  to	  strain	  over	  a	  small	  increment	  as,	  	  
 
KSPEC = E
A
L0
= (!" )A
(!# )L0
,	   	   	   	   	   (3.3)	  
where	   	   !" is	   a	   change	   in	   stress,	   !" is	   the	   strain	   increment,	   E	   is	   the	   Young’s	  Modulus,	  A	  is	  the	  specimen	  cross	  sectional	  area	  and	  L0	  is	  the	  gage	  length.	  	  	  The	  correction	  for	  displacement	  is	  then	  obtained	  by	  
 
Xcorr = X LVDT !
K MC
P
	  .	  	  	  	  	  	  	   	   	   	   (3.4)	  
This	   corrected	   displacement	   is	   then	   used	   to	   calculate	   the	   nominal	   strain	   in	   the	  specimen.	  The	  stress	  strain	  curves	  at	  higher	  temperatures	  were	  corrected	  using	  the	  same	   correction	   factor.	   The	   stress	   strain	   response	   at	   different	   temperatures	   is	  shown	  in	  Fig.	  3.2.	  The	  PLC	  effect	  is	  again	  evident	  at	  temperatures	  above	  300°C,	  and	  shows	   a	   gradual	   reduction	   above	   600°C.	   There	   is	   also	   a	   transition	   from	   large	  uniform	  serrations	  to	  smaller	   load	  oscillations	  with	  occasional	   large	   load	  drops.	   In	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some	   cases,	   there	   is	   also	   a	   delay	   in	   the	   onset	   of	   the	   PLC	   effect,	   until	   a	   particular	  plastic	  strain	  value	  is	  reached.	  This	  strain	  value	  is	  referred	  to	  as	  the	  critical	  strain	  in	  this	  work,	  and	  has	  been	  well	  documented	  in	  studies	  on	  the	  PLC	  effect	  (Miner	  et	  al.,	  1992;	  Sakthivel	  et	  al.,	  2012).	  The	  stress	  strain	  response	  obtained	  from	  DIC	  is	  shown	  in	  Fig.	  3.3.	  The	  machine	  data	  has	  a	  higher	  data	  acquisition	  rate	  (50	  ms)	  compared	  to	  the	  images	  captured	  by	  the	  camera	  for	  DIC	  	  (2	  s).	  As	  a	  result,	  fewer	  data	  points	  are	  obtained	   from	  DIC,	  which	   results	   in	   a	   noisier	   plot.	   The	   jumps	   are	   observed	   to	   be	  larger,	  with	   contribution	   from	   localization	   effects,	   as	  well	   as	   insufficient	   temporal	  resolution.	  	  	  
	  
Fig. 3.2: Stress-strain data of Hastelloy X obtained from machine data (load cell and 
LVDT), after compliance correction. These curves represent the material behavior in an 
averaged sense (over the entire sample length), whereas the DIC measurements provide 
localized strain value. Close-up in of inset red box is shown in Fig. 3. 
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Fig. 3.3: Stress-strain curves obtained from digital image correlation. Low frequency of 
image acquisition over a small gage section results in larger strain jumps when compared 
with the macroscale response. 
 The	   stress	   strain	   curves	   in	   Fig.	   3.2	   and	   Fig.	   3.3,	   with	   the	   serrated	   flow	   that	   is	  characteristic	   of	   PLC	   effect	   show	   serrations	   that	   change	   from	   type	   A	   (with	   large	  periodic	   load	   drops)	   to	   type	   B	   (small	   drops	   with	   occasional	   large	   drops)	   with	  increasing	   temperature,	   as	   a	   result	   of	   higher	   material	   flowability	   and	   greater	  dislocation	   mobility.	   Material	   strength	   and	   hardening	   are	   affected	   by	   alloying	  elements	   that	   go	   into	   interstitial	   or	   substitutional	   positions	   in	   a	   solution	   increase	  strength.	   However,	   the	   impurity	   atoms	   cause	   lattice	   strains,	   which	   can	   anchor	  dislocations.	   These	   dislocations	   are	   released	   suddenly	  when	   the	   energy	   barrier	   is	  overcome	  by	  greater	  plastic	  work.	  It	  costs	  strain	  energy	  for	  the	  dislocation	  to	  move	  away	  from	  this	  pinned	  state.	  The	  scarcity	  of	  energy	  at	  low	  temperatures	  is	  why	  slip	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is	   hindered.	   Section	   3.2	   discusses	   the	   material	   response	   at	   each	   temperature	   in	  greater	  detail.	  	  Further,	  the	  Young’s	  modulus	  was	  obtained	  at	  different	  temperatures	  from	  the	  slope	  of	  the	  linear	  portion	  of	  the	  stress	  strain	  curve.	  The	  values	  were	  compared	  with	  the	  compliance	   corrected	  data	   from	   the	  machine	  and	  were	   found	   to	   agree	  well.	  Table	  3.1	   lists	   the	  Young’s	  Modulus	  obtained	  as	  a	   fit	   to	   the	  stress-­‐strain	  data.	  Figure	  3.4	  shows	  the	  comparison	  of	  the	  experimentally	  obtained	  elastic	  modulus	  of	  Hastelloy	  X	  to	  those	  provided	  in	  the	  material	  datasheet.	  	  	  
Table 3.1: Young’s modulus values obtained from both DIC and corrected machine 
data. Datasheet values for Hastelloy X can be obtained on the Haynes website. 
Temperature	  (°C)	   27	   300	   450	   500	   600	   700	  
Young’s	  Modulus	  (GPA)	  
from	  DIC	   237.5	   217.7	   198.6	   192.8	   188.3	   181.24	  
Young’s	  Modulus	  (GPA)	  
from	  corrected	  Machine	  
data	   225.6	   210	   193	   189.4	   184.3	   177.3	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Fig. 3.4: Comparison of Young’s modulus calculated through DIC and compliance 
corrected machine data to datasheet values provided by Haynes Corp.   	  	  
3.2	  High	  Temperature	  Strain	  Characterization	  	  At	  higher	  temperatures,	  because	  of	  the	  existence	  of	  the	  PLC	  effect,	  the	  evolution	  of	  strain	   at	   each	   load	   step	   is	   non-­‐uniform,	   and	   is	   dependent	   on	   the	   magnitude	   of	  loading.	   	   On	   a	   microstructural	   scale,	   there	   is	   no	   strain	   accumulation	   due	   to	  relaxation	  of	   the	   load	  after	  overcoming	   the	  critical	   strain	   (threshold	  strain	   for	   the	  onset	  of	  PLC	  behavior)	  for	  dislocation	  motion.	  As	  temperature	  increases,	  the	  energy	  required	   for	  dislocation	  motion	   reduces	  as	   the	   solute	  drag	   reduces.	  However,	   it	   is	  observed	   that	   the	   critical	   strain	   levels	   remain	   nearly	   unchanged	   across	  temperatures	  for	  a	  particular	  type	  PLC	  serration,	  which	  can	  be	  around	  near	  the	  yield	  region	   in	  Fig.	  3.2.	  The	  different	   types	  of	   serrated	   flow	  behavior	   is	   seen	   in	  Fig.	  3.5.	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Type	  A	  flow	  is	  seen	  to	  have	  continuous	  serrations	  of	  the	  same	  amplitude,	  with	  the	  stress	  oscillating	  about	  the	  mean	  stress	  continuously.	  It	  does	  not	  disappear	  at	  large	  strains.	   The	   stress	   strain	   curve	   shows	  periodic	   hardening	   in	   the	   form	  of	   localized	  kinks	   that	   are	   followed	   by	   a	   strain	   relaxation	   after	   a	   jump.	   Type	   B	   flow	   shows	  serrations	  of	  smaller	  amplitude	  than	  that	  of	  type	  A,	  but	  have	  large	  drops	  that	  occur	  occasionally.	  This	  type	  of	  flow	  usually	  exists	  at	  lower	  regimes	  of	  plastic	  strain.	  The	  strain	  jumps	  in	  this	  case	  correspond	  to	  the	  larger	  change	  in	  stress	  as	  the	  material	  is	  loaded.	  For	  Hastelloy	  X,	  tests	  in	  the	  range	  of	  300	  –	  500°C	  show	  serrations	  of	  type	  A	  which	  occur	  at	  strain	  intervals.	  Above	  500°C,	  there	  is	  a	  transition	  to	  type	  A+B	  and	  B,	  which	  are	  characterized	  by	  low	  amplitude	  serrations	  in	  the	  stress-­‐stain	  curve.	  	  	  The	  strain	  evolution	  with	  time	  for	  all	  the	  tension	  experiments	  is	  shown	  in	  Fig.	  3.6.	  It	  can	  be	  seen	  that	  the	  jumps	  in	  strain	  reduce	  at	  temperatures	  above	  600°C,	  due	  to	  the	  diminishing	   PLC	   effect.	   Though	   the	   PLC	   effect	   in	   Hastelloy	   X	   has	   been	   studied	  recently	  by	  Sakthivel	  et	  al.,	  (2012),	  the	  ability	  to	  capture	  the	  PLC	  effect	  in	  Hastelloy	  X	  at	  high	  temperatures	  with	  the	  technique	  of	  DIC	  is	  unexplored,	  and	  is	  dealt	  with	  in	  detail	  in	  this	  work.	  It	  allows	  a	  more	  local	  analysis	  of	  the	  strain	  fields,	  establishing	  a	  multiscale	   approach	   of	   evaluating	   the	   phenomenon,	   and	   capturing	   localization	  effects	   at	   high	   temperature.	   This	   is	   necessary,	   as	   the	   macroscale	   response	   alone	  does	   not	   provide	   sufficient	   data	   that	   can	   be	   used	   towards	   the	   development	   of	  material	  models.	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Fig. 3.5: Close-up of Fig.3.2 showing clear serrated flow behavior. The different types of 
serrations are clearly visible. 
 
 
 
Fig. 3.6: Strain evolution behavior of Hastelloy X during uniaxial tension at different 
temperatures. There is evidence of reducing dynamic strain aging at higher temperatures 
due to minimized strain jumps. 
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3.2.1	  Response	  at	  300°C	  
	  The	  onset	  of	   the	  PLC	  effect	   in	  Hastelloy	  X	   is	  observed	  close	   to	  300°C	  (Miner	  et	  al.,	  1992),	   and	   the	   stress	   strain	   curve	   shows	   large	   strain	   jumps,	   when	   the	   loading	   is	  carried	  out	  in	  fixed	  displacement.	  The	  stress-­‐strain	  curve	  at	  300°C	  (Fig.	  3.7)	  shows	  small	  variations	  in	  load	  that	  cause	  large	  jumps	  in	  strain.	  Both	  the	  machine	  data	  and	  the	  DIC	  data	  show	  the	  same	  material	  behavior.	  However,	  the	  DIC	  data	  is	  indicative	  of	  even	  larger	  strain	  jumps.	  This	  is	  because	  the	  machine	  data	  provides	  the	  averaged	  response	   over	   the	   entire	   specimen	   and	   at	   a	   higher	   data	   acquisition	   rate.	   In	  comparison,	   the	   DIC	   data	   shows	   the	   localized	   response	   over	   the	   area	   of	   the	  specimen	   selected	   for	   imaging	   and	   analysis.	   A	   comparison	   of	   the	   loading	   history	  with	   the	   evolution	   of	   strain	   (Fig.	   3.8)	   highlights	   the	   above	   fact.	   The	   serrations	  commence	  at	  approximately	  1%	  plastic	  strain.	  	  	  The	  loading	  history	  shows	  small	  variations	  as	  the	  loading	  progresses,	  and	  results	  in	  a	   corresponding	   relaxation	   of	   the	   specimen,	   following	   a	   strain	   jump.	   Dotted	   lines	  marked	   on	   Fig.	   3.8	   indicate	   the	   strain	   jumps	   corresponding	   to	   the	   small	   load	  variation.	  This	   shows	   that	   the	   strain	   is	   sensitive	   to	   small	   load	  variations,	   at	   lower	  temperatures,	   and	   the	   amplitude	   of	   serrations	   in	   the	   loading	   increases	   with	  increasing	  temperature.	  Figure	  3.9	  shows	  a	  closer	  view	  of	  a	  portion	  of	  Fig.	  3.8,	  in	  the	  range	  of	  70-­‐100	  seconds	   to	  show	  the	  relation	  between	   the	   load	  change	  and	  strain	  jumps.	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Fig. 3.7: Stress-strain curve of Hastelloy X at 300°C. The DIC data agrees well with the 
compliance corrected data. The strain jumps occur where there are small kinks in the 
machine data.  
	  
Fig. 3.8: Load history compared with the strain evolution at 300°C.  Small changes in 
load trigger large strain jumps. The large jumps in strain are a consequence of localized 
strains over the area where DIC was used. The region of the curve in the red box is 
shown in Fig. 3.9 in greater detail.  
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Fig 3.9: Comparison between the load history and the strain evolution. The change in 
load between 80-85 seconds causes a large jump in strain in the same period.  
	  
3.2.2	  Response	  at	  450°C 
	  At	   450°C,	   the	   response	   of	   which	   is	   shown	   in	   Fig.	   3.10,	   the	   loading	   exhibits	  more	  serrated	   flow,	   when	   compared	  with	   the	   behavior	   at	   300°C.	   The	   serrations	   are	   of	  type	  A,	  with	  periodic	  change	  in	  the	  amplitude	  of	  the	  serrations.	  Solute	  drag	  effects	  due	  to	  carbon	  alone	  occur	  at	  temperatures	  around	  300°C,	  but	  the	  solute	  drag	  effects	  in	  the	  450°C-­‐700°C	  are	  on	  account	  of	  chromium	  (Jenkins	  et	  al.,	  1969).	  The	  effect	  of	  different	  solute	  induced	  drag	  in	  Hastelloy	  X	  is	  responsible	  for	  the	  variable	  serration	  behavior	   at	   different	   temperatures.	   Sakthivel	  et	  al.,	   (2012)	   observed	   through	  EDX	  spectroscopy,	  that	  carbide	  phase	  of	  molybdenum	  were	  responsible	  for	  solute	  drag.	  In	  this	  work,	  we	  seek	  to	  explore	  a	  multiscale	  response	  to	  the	  observations	  found	  in	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the	   literature,	   and	   extend	   the	   information	   towards	   the	   development	   of	   a	  material	  model.	  The	  serrations	  are	  observed	  to	  commence	  at	  lower	  plastic	  strains.	  The	  strain	  jumps	  also	  occur	  when	  there	  is	  a	  discernible	  amplitude	  change	  in	  the	  serrations.	  	  
	  
Fig. 3.10: Stress-strain curve for Hastelloy X at 450°C. The data obtained from DIC is 
compared with the compliance corrected machine data 
	  Figure	  3.11	  compares	  the	  loading	  history	  at	  450°C	  with	  the	  evolution	  of	  strain.	  With	  increasing	  strain,	  the	  load	  history	  shows	  a	  change	  in	  the	  amplitude	  of	  the	  serration	  at	  certain	  time	  instants.	  These	  changes	  correspond	  to	  a	   jump	  in	  strain	  observed	  in	  the	   DIC	   data.	   The	   load	   amplitude	   change	   is	   comparable	   to	   the	   load	   fluctuations	  observed	  at	  300°C,	  but	   the	   resulting	  strain	   jumps	  are	  comparatively	   smaller,	   even	  though	  strain	  localization	  occurs,	  due	  to	  the	  increased	  dislocation	  mobility,	  despite	  the	   increase	   in	   the	  species	  contributing	   to	   the	  serrated	   flow	  behavior.	  Figure	  3.12	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shows	   the	   amplitude	   change	   and	   the	   corresponding	   strain	   jump	   to	   illustrate	   the	  above	  discussion.	  	  	  
	  
Fig. 3.11: Load history and strain evolution of Hastelloy X at 450°C. Dotted lines 
indicate change in load amplitude, corresponding to a strain jump. The region of the 
curve in the red box is shown in Fig. 3.12 in greater detail. 
	  
Fig. 3.12: Loading history and strain evolution showing a change in the loading 
amplitude, and a corresponding jump in strain at the same time period.  
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3.2.3	  Response	  at	  500°C	  and	  Internal	  PLC	  Band	  Structure 
	  At	  500°C,	  the	  PLC	  behavior	  still	  shows	  A	  type	  of	  serrated	  flow	  as	  seen	  in	  the	  stress-­‐strain	  curve	  in	  Fig.	  3.13.	  Strain	  jumps	  occur	  when	  there	  is	  a	  change	  in	  the	  amplitude	  of	  the	  serrations.	  This	  response	  is	  similar	  when	  compared	  to	  the	  results	  obtained	  at	  450°C.	  Though	  it	  is	  not	  always	  possible	  to	  capture	  the	  band	  propagating	  through	  the	  region	   of	   investigation	   using	   DIC	   at	   the	   temporal	   rate	   used	   here,	   it	   is	   possible	   to	  ascertain	   when	   the	   strain	   jump	   occurred	   through	   a	   mean	   strain	   incremental	  analysis.	  	  
	  
Fig. 3.13: Stress-strain curve of Hastelloy X at 500°C. Response shows regions showing 
large amplitude and small amplitude of serrations 	  The	   mean	   strain	   measured	   by	   DIC	   was	   computed	   over	   a	   region	   of	   the	   acquired	  image,	   and	   the	  difference	  between	   the	  mean	   strains	   in	   the	   current	   image	   and	   the	  previous	  image	  was	  calculated	  and	  plotted	  as	  a	  function	  of	  time.	  Fig.	  3.14(a)	  shows	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this	   accumulation	   of	   DIC-­‐measured	   local	   strain	   by	   computing	   the	   difference	   of	  means	  from	  the	  DIC	  data.	  Unlike	  the	  continuous	  strain	  accumulation	  seen	  during	  the	  room	   temperature	   experiment	   (Fig.	   3.14(b)),	   in	   the	   500°C	   experiment,	   discrete	  peaks	   show	   that	   the	   strain	   jumps	   as	   the	   applied	   displacement	   increases	   (Fig.	  3.14(a)).	  A	  trend	  of	  greater	  strain	  increments	  is	  also	  seen	  at	  greater	  plastic	  strains.	  There	  is	  a	  prolonged	  effect	  due	  to	  dynamic	  strain	  hardening	  with	  increasing	  strain,	  which	  is	  seen	  even	  at	  1200	  seconds	  of	  testing	  at	  strain	  rates	  of	  10-­‐4	  s-­‐1.	   	  This	  strain	  increment	   behavior	   is	   compared	   to	   a	   similar	   analysis	   carried	   out	   at	   room	  temperature	  (Fig.	  3.14(b)),	  although	  for	  a	  two	  cycle	  loading-­‐unloading	  experiment.	  The	   room	   temperature	   response	   shows	   no	   steep	   jumps	   as	   PLC	   behavior	   is	   non-­‐existence,	  and	  the	  strain	  accumulated	  remains	  constant.	  	  At	  particular	  time	  instances,	   if	  the	  imaging	  happened	  to	  occur	  at	  appropriate	  time,	  DIC	  analysis	  reveals	   the	  presence	  of	  strain	  bands	   that	  propagate	   through	  the	  gage	  length	  of	  the	  specimen.	  Note	  that	  since	  the	  magnification	  used	  here	  is	  much	  higher	  than	  that	  used	  in	  Tong	  et	  al.,	  (2007),	  the	  field	  of	  view	  is	  much	  smaller	  than	  that	  seen	  in	  Fig.	  1.3,	  which	   is	  essentially	   the	  entire	  gage	   length.	  Therefore,	  only	  a	  portion	  of	  the	  band	  was	  recorded	  in	  our	  experiment.	  One	  such	  band	  is	  shown	  the	  sequence	  of	  four	  successive	  DIC	   images	  presented	  in	  Fig.	  3.15.	  A	  clear	  region	  of	   lower	  strain	   is	  seen,	  along	  with	  an	  angled	  band,	  which	  causes	  an	   increase	   in	   the	   local	   strain	  as	   it	  propagates	  through	  the	  specimen.	  At	  t=382	  s	  (t=0	  corresponds	  to	  the	  beginning	  of	  the	  loading)	  the	  strain	  field	  is	  fairly	  uniform	  and	  averages	  to	  the	  far	  field	  value.	  AT	  386	   s,	   a	   part	   of	   the	   inclined	   strain	   concentration	   band	   appears	   in	   the	   upper	   left	  
	   56	  
portion	   of	   the	   imaged	   area.	   In	   the	   immediate	   next	   frame	   at	   t=388	   s,	   the	   inclined	  band	   travels	  downwards	  and	  has	  enveloped	  most	   if	   the	   image.	  Finally,	   at	   t=390	  s,	  the	   band	   has	   left	   the	   area	   of	   observation	   and	   a	   uniform	   strain	   field	   is	   again	  established.	  	  	  
	  
Fig. 3.14: (a) Mean strain accumulation over time at 500°C.  Discrete peaks are 
characteristic strain jumps at a particular time period. Certain peaks coincide with bands 
that can be captured with DIC.	  PLC band observed during the period shown in the red 
box is indicated in Fig. 3.14. (b) Strain increment behavior at room temperature showing 
constant strain accumulation due to absence of a PLC effect. The strain increment 
behavior is constant after unloading-reloading.  
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Fig. 3.15: Strain band propagating downward observed at 500°C. Images captured at 
384-390 seconds at a magnification of 2x. The set of images corresponds with the jump in 
strain seen in Fig. 3.13. The strain field after passage of the band,  	  A	   line	   scan	   plot	   of	   the	   vertical	   (axial)	   strain	   for	   the	   four	   different	   time	   instances	  along	  the	  dashed	  line	  illustrated	  in	  Fig.	  3.15,	  and	  running	  parallel	  to	  the	  band	  at	  an	  inclination	  of	  28	  degrees,	   is	   shown	   in	  Fig.	   3.16.	  Both	  at	  384	  and	  386	   seconds,	   the	  strain	  level	  is	  around	  0.03	  that	  corresponds	  to	  the	  far	  field	  nominal	  strain.	  The	  small	  variations	  in	  the	  strain,	  which	  are	  repeatable	  between	  the	  two	  images,	  are	  because	  of	  plastic	  strain	  accumulation	  with	  time.	  Although	  the	  strain	  is	  expected	  to	  steadily	  
1 mm 
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increase	   with	   time,	   when	   the	   loading	   is	   homogenous,	   Fig.	   3.16	   shows	   a	   jump	   in	  strain	  between	  386	  and	  388	  seconds,	  and	   then	  a	  stabilization	  of	  strain	  at	   the	  new	  level.	  This	  confirms	  that	  the	  passage	  if	  the	  band	  seen	  in	  Fig.	  3.15	  is	  associated	  with	  an	   increase	   in	   strain	   increment,	   as	   was	   seen	   in	   the	   average	   strain	   increment	  measurements	   of	   Fig.	   3.14(b).	   The	   dynamic	   straining	   behavior	   described	   here	   is	  observed	   to	   be	   similar	   in	   the	   300	   –	   500°C	   range	   and	   also	   agrees	   with	   the	  observations	  of	  Sakthivel	  et	  al.,	  (2012).	  	  
	  
Fig. 3.16: Strain jump corresponding to the band propagation at 386 seconds. There is 
no further strain accumulation until the next strain jump.  
 	  The	  band	  consists	  of	  a	  high	  strain	  front,	  propagating	  at	  an	  angle	  between	  55-­‐65°	  to	  the	  loading	  axis.	  The	  bands	  are	  usually	  about	  0.1	  -­‐	  0.2%	  higher	  that	  the	  mean	  strain	  previously	  calculated	  over	  the	  area.	  However,	  at	  the	  current	  length	  scale,	  the	  band	  exhibits	  a	  gradual	  increase	  along	  the	  front,	  reaching	  a	  maximum,	  and	  then	  reduces	  to	   a	   far	   field	   value,	   that	   is	   greater	   than	   the	   strain	  before	   the	  passage	  of	   the	  band.	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Microstructural	   influences	   seen	  due	   to	   the	   presence	   of	   transmitting	   and	   shielding	  grain	   boundaries	   (Abuzaid	   et	   al.,	  2012)	   that	   result	   in	   strain	   concentrations	   along	  certain	  grain	  boundaries,	  which	  in	  turn	  may	  affect	  the	  propagation	  of	  these	  bands.	  Fig.	  3.17	  shows	  the	  profile	  of	  a	  strain	  band	  at	  500°C	  seen	  at	  t=242s	  (See	  Fig	  3.14(a)).	  Unlike	  the	  observations	  of	  Tong	  et	  al.,	   (2007),	   the	  band	  is	  highly	  non-­‐homogenous	  and	  is	  actually	  comprised	  of	  multiple	  bands	  that	  propagate	  together.	  	  It	  can	  be	  seen	  that	   the	   band	   is	   highly	   branched,	   suggesting	   a	   possible	   dependence	   on	   local	  microstructure.	  The	  role	  of	  microstructure	  in	  the	  initiation	  and	  propagation	  of	  these	  bands	  is	  yet	  to	  be	  determined.	  	  	  Figure	   3.18	   shows	   the	   multiple	   bands	   propagating	   through	   the	   region	   of	   the	  specimen	  under	  observation.	  The	  strain	  field	  shows	  two	  band	  fronts	  that	  propagate	  together	   at	   the	   same	   velocity.	   Each	   segment	   of	   the	   band	   contributes	   to	   a	   strain	  increment,	  and	  there	  is	  relaxation	  (unloading	  of	  fraction	  of	  elastic	  strains)	  after	  each	  portion	   of	   the	   band	   passes	   through.	   There	   is	   also	   a	   gradual	   increase	   in	   strain	  between	  the	  bands.	  Multiple	  line	  scans	  of	  the	  specimen	  strain	  along	  the	  band	  in	  the	  direction	   of	   the	   propagation	   (Fig.	   3.19)	   shows	   a	   large	   contribution	   of	   the	   first	  segment	  passing	  through	  the	  region,	   followed	  by	  smaller	   increments	  as	  successive	  segments	  contribute	   to	   the	   local	  strain.	  Since	   the	  band	   is	   inclined,	  certain	  areas	  of	  the	   field	   of	   view	   along	   the	   same	   horizontal	   line	   show	   greater	   strain,	   as	   the	   band	  propagates.	  The	  scan	  along	  A-­‐A	  shows	  that	  the	  band	  has	  passed	  through	  completely,	  whereas	  C-­‐C	  shows	  the	  second	  branch	  contributing	  to	  the	  strain.	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Fig. 3.17: Multiple bands observed at 500°C. The bands propagate downward, resulting 
in a jump in the strain, averaged over the entire strain field. 
 
 
	  	  	  	  	   	  	  	  	  	  	  	  	  
Fig. 3.18: Full field strain showing PLC band with two segments. The band is seen 
propagating downward. Line scans along A-A, B-B and C-C shows the band morphology 
(Fig. 3.19), indicating the strain increase in multiple steps corresponding to the two 
branches of the band. 
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Fig. 3.19:  Line scan along band showing strain contribution of each band segment 
along lines A-A, B-B and C-C (Fig. 3.18). The difference between the initial and final 
strain states is the strain jump caused by the propagation of the PLC band. 	  
3.2.4	  Response	  at	  600°C	  
	  There	   is	   a	   transition	   from	   the	   A	   type	   to	   A+B	   type	   of	   serrations	   at	   temperatures	  above	  500°C.	  The	  stress	  strain	  curve	  (Fig.	  3.20)	  shows	  diminishing	  serrations	  with	  increase	   in	   plastic	   strain,	  with	   a	   periodic	   drop	   in	   load	  due	   to	   relaxation.	   Fig.	   3.21	  compares	  the	  strain	  evolution	  and	  load	  as	  a	  function	  of	  time.	  At	  the	  onset	  of	  plastic	  deformation,	  there	  is	  a	  marked	  PLC	  effect,	  which	  transitions	  to	  smooth	  material	  flow	  with	  increasing	  plastic	  strain.	  There	  is	  a	  clear	  reduction	  in	  the	  serration	  behavior	  in	  comparison	   to	   the	   response	   in	   the	   300	   –	   500°C	   range.	   This	   has	   previously	   been	  observed	  by	  Sakthivel	  et	  al.,	  (2012).	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Fig. 3.20: Stress-strain curve of Hastelloy X at 600°C. Serrated flow is interrupted, with 
localized load relaxation. 	  	  
	  
Fig. 3.21: Load history and strain evolution at 600°C. Serrated flow is diminished 
beyond 4% strain, and occasional strain jumps are observed.   
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Figure	  3.22	  shows	  the	  mean	  strain	  accumulation	  at	  600°C	  as	  a	  function	  of	  time.	  The	  strain	   increment	   behavior	   is	   similar	   to	   that	   at	   500°C,	   with	   periodic	   jumps	   in	   the	  strain	  rather	  than	  a	  steady	  accumulation	  of	  strain.	  However,	  there	  is	  no	  observable	  trend	   in	   the	   strain	   increment,	   and	   in	   fact	   it	   is	   found	   to	   diminish	   at	   higher	   strains	  (after	   300	   s	   of	   loading),	   as	   the	   PLC	   effect	   disappears.	   Figure	   3.23	   shows	   three	  successive	  frames	  illustrating	  the	  band	  observed	  at	  64	  seconds,	  which	  corresponds	  to	   the	   largest	   strain	   jump	   in	   Fig.	   3.22.	   	   A	   strain	   band	   propagating	   downward	   is	  observed.	   Figure	   3.24	   shows	   another	   band	   at	   134	   seconds	   (the	   second	   dashed	  rectangle	  in	  Fig.	  3.22),	  at	  higher	  accumulated	  strain,	  but	  with	  a	  smaller	  strain	  jump.	  The	   strain	   band	   in	   this	   case	   propagated	   upwards.	   The	   direction	   of	   propagation	  depends	  on	  the	  location	  of	  the	  site	  of	  initiation	  of	  the	  band	  (Zhang	  et	  al.,	  2005).	  The	  direction	  can	  be	  determined	  by	  observing	  the	  full	   field	  strains,	  which	  show	  a	  band	  propagating	  at	  higher	  strain,	  and	  a	  region	  of	  low	  strain.	  	  
	  
Fig. 3.22: Mean strain accumulation over time at 600°C.  Strain jumps show no trend, 
and become uniform at higher strains.  
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Fig. 3.23: Strain field from VIC-2D showing the PLC band at 600°C, corresponding to 
64 seconds, propagating downward.  
 
 	  
Fig. 3.24: Strain field from VIC-2D showing the PLC band at 600°C, corresponding to 
132 seconds, propagating upward.  	  Since	  the	  dogbone	  specimen	  has	  an	  area	  change	  at	  either	  end	  of	  the	  gage	  section,	  the	  strain	   bands	   originate	   at	   these	   locations	   (Feng	   et	   al.,	   2012).	   The	   bands	   that	  propagate	  upward	  cause	  smaller	  jumps	  in	  strain	  than	  those	  propagating	  downward	  away	   from	   the	   stationary	   grip	   clamping	   the	   specimen.	   The	   line	   scans	   (Fig.	   3.25)	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along	   the	  band	  of	  Fig.	  3.23,	  show	  a	  similar	  strain	   jump	  as	  observed	  at	  500°C.	  This	  strain	   jump	   is	   greater	   than	   0.2%	   yield	   strain,	   as	   in	   the	   previous	   case,	   suggesting	  dynamic	  plastic	  hardening,	  occurring	  at	  particular	  strain	  levels.	  However,	  a	  second	  line	   scan	   (Fig.	   3.26)	   taken	   along	   another	   band	   of	   Fig.	   3.24	   shows	   a	  more	   gradual	  strain	  increment	  with	  time.	  The	  average	  strain	  computed	  from	  the	  images	  previous	  to	   the	  second	  band,	   show	  smaller	   increments	  and	  confirming	   the	  diminishing	  PLC	  effect.	  	  	  
	  
Fig. 3.25: Line scans along band corresponding to band in Fig. 3.23. A large jump in 
strains is observed as the band propagates across the field of view. 	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Fig. 3.26:  Line scans along band corresponding to band in Fig. 3.24. The strain 
jump with time is smaller when compared to the previous case.	  	  
	  
3.2.5	  Response	  at	  700°C	  
	  At	  700°C,	  there	  is	  diminishing	  A+B	  type	  of	  serrations	  with	  increasing	  strain.	  On	  the	  stress	   strain	   curve	   (Fig.	   3.27),	   the	   serrations	   are	  more	  widely	   spaced,	   and	   do	   not	  show	  continuous	  serrated	  flow	  after	  ~3%.	  This	  is	  consistent	  with	  previous	  findings	  (Miner	   et	  al.,	  1992;	  Sakthivel	   et	  al.,	   2012)	   that	   show	   the	   PLC	   effect	   in	  Hastelloy	   X	  disappearing	  at	  temperatures	  around	  900°K	  (~630°C).	  Fig.	  3.28	  compares	  the	  strain	  evolution	   and	   load	   as	   a	   function	   of	   time.	   There	   is	  material	   relaxation	   at	   periodic	  intervals,	  characterized	  by	  load	  drops,	  but	  material	  flow	  resumes	  immediately.	  The	  strain	  jumps	  are	  much	  smaller	  in	  magnitude	  than	  at	  other	  test	  temperatures	  and	  no	  strain	  jumps	  are	  observed	  after	  a	  certain	  plastic	  strain	  level	  is	  passed.	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Fig. 3.27: Stress-Strain curve of Hastelloy X at 700°C.  The DIC data is smooth and 
continuous after 3% strain, the machine data shows minimal serrations at higher plastic 
strains. 
	  
Fig. 3.28: Load history and strain evolution at 700°C.  There are no observable strain 
jumps as the extent of plastic strain increases. However, there are periodic load drops.  
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The	   mean	   strain	   accumulation	   behavior	   (Fig.	   3.29)	   also	   exhibits	   reduced	   strain	  accumulation	   that	   is	  similar	   to	   the	  behavior	  at	  room	  temperature.	  After	  4%	  strain	  (~200	  seconds),	  there	  is	  a	  large	  drop	  in	  the	  strain	  peaks,	  and	  this	  corresponds	  to	  the	  nearly	   linear	   strain	   evolution	   behavior.	   Fig	   3.30	   shows	   a	   strain	   band	   propagating	  upward	  in	  the	  strain	  field	  obtained	  at	  44	  seconds,	  which	  corresponds	  to	  the	  largest	  strain	  jump	  in	  Fig	  3.29.	  	  	  
	  
Fig. 3.29: Mean strain accumulation over time at 700°C.  Strain jumps show decreasing 
amplitude, eventually showing very small increments that are characteristic of high 
temperature plastic flow.  	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Fig. 3.30: Strain band corresponding to 44 seconds. The strain field shows the strain 
localizations before the passage of the band, due to microstructural influences. The strain 
contours show a difference of 0.15%. 
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Chapter 4  Behavior	  of	  Hastelloy	  X	  under	  Thermal	  Cycling	  
	  Most	   high	   temperature	   structural	   components	   are	   subjected	   to	   multiple	   thermo-­‐mechanical	   cycles	   during	   their	   lifetime,	   and	   it	   is	   necessary	   to	   characterize	   their	  response	   in	   the	  plastic	   regime	  under	   such	   loading	   conditions.	  Thermo-­‐mechanical	  cyclic	  loading	  affects	  both	  the	  fatigue	  damage	  in	  the	  material,	  as	  well	  as	  the	  plastic	  behavior	  of	  the	  material.	  The	  effect	  of	  thermal	  plastic	  history	  on	  the	  material	  is	  thus	  an	  important	  aspect.	  	  	  Cottrell	   (1953),	   showed	   that	   upon	   a	   change	   in	   the	   deformation	   temperature	   in	  Aluminum	   crystals,	   a	   large	   reversible	   flow	   stress	   was	   observed	   at	   temperatures	  below	   130°K.	   However,	   an	   irreversible	   effect,	   caused	   by	   the	   presence	   of	   static	  Lüders	   bands	   at	   higher	   temperatures	   followed	   by	   plastic	   work	   at	   lower	  temperatures,	  was	  observed	  and	  resulted	  in	  a	  corresponding	  reduction	  in	  the	  plastic	  flow	  stress.	  The	  underlying	  cause	  for	  the	  irreversible	  change	  was	  considered	  to	  be	  the	  pile-­‐up	  of	  dislocations	  released	   for	   slip	  upon	  collapsing	  under	   the	   influence	  of	  stress	  and	  temperature.	  	  	  In	   the	   present	   study,	   experiments	   similar	   to	   the	   ones	   conducted	   by	   Cottrell	   and	  Stokes	  (1955)	  on	  Aluminum	  were	  carried	  out	  for	  Hastelloy	  X.	  The	  high	  temperature	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and	   low	   temperature	   condition	   were	   600°C	   and	   room	   temperature	   (27°C)	  respectively.	  The	  temperature	  was	  chosen	  such	  that	  at	  the	  higher	  temperature,	  the	  material	  exhibits	  some	  strain	  hardening	  due	  to	  PLC	  effect,	  and	  the	  thermal	  gradient	  was	  as	  high	  as	  the	  capability	  of	  the	  setup	  could	  allow.	  The	  temperature	  cycling	  was	  then	  reversed	  to	  observe	  the	  effect	  of	  plastic	  pre-­‐hardening	  at	  a	  lower	  temperature	  followed	  by	  further	  loading	  in	  monotonic	  tension	  at	  a	  higher	  temperature.	  	  	  
4.1	  Cottrell-­‐Stokes	  type	  Experiment	  
	  The	  Cottrell-­‐Stokes	  (CS)	  type	  experiment	  was	  aimed	  at	  understanding	  the	  onset	  and	  evolution	   of	   plasticity	   following	   plastic	  work	   at	   a	   higher	   temperature.	   A	   dogbone	  specimen	   was	   deformed	   at	   higher	   temperature	   to	   a	   certain	   plastic	   strain,	   and	  unloaded	   at	   the	   same	   temperature.	   The	   specimen	   was	   then	   cooled	   to	   room	  temperature,	   and	   the	   loading	   was	   continued	   till	   further	   plastic	   strain	   was	  accumulated.	   Images	   were	   captured	   during	   both	   the	   high	   temperature	   and	   low	  temperature	   loading	   cycle,	   and	   the	   images	  were	   correlated	   over	   a	   region.	   Fig.	   4.1	  shows	   an	   area	   of	   the	   specimen	   over	   which	   the	   DIC	   algorithm	   was	   used.	   The	  specimen	  preparation	  and	  speckling	  technique	  have	  been	  detailed	  in	  chapter	  2.	  	  	  The	  response	  of	  Hastelloy	  X	  to	  the	  above	  test	  protocol	  is	  shown	  in	  Fig.	  4.2	  and	  Fig.	  4.3.	   During	   the	   high	   temperature	   cycle,	   the	   PLC	   effect	   is	   still	   dominant	   in	   the	  material	  response,	  causing	  sudden	  jumps	  and	  influencing	  the	  strain	  hardening	  and	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indirectly	   the	   flow	   stress	   upon	   reloading.	   History	   effects	   also	   influence	   the	   flow	  stress,	  with	  increasing	  plasticity	  at	  600°C	  showing	  diminishing	  PLC	  effect.	  	  
	  
Fig. 4.1: Speckled surface of specimen, showing area over which DIC is carried out. 
Subset size is 51 x 51 pixels with an offset of 5 pixels. The local response obtained over 
the indicated region (red), is compared with the macroscale response of the entire 
specimen in the following text.  
	  The	   stress	   strain	   curve	   for	   the	   Cottrell-­‐Stokes	   test	   is	   compared	   to	   the	   isothermal	  response	  under	  monotonic	  tension	  loading,	  to	  understand	  the	  influence	  of	  thermo-­‐mechanical	  loading	  on	  the	  flow	  stress.	  The	  loading	  at	  high	  temperature	  follows	  the	  isothermal	  curve	  till	  the	  point	  of	  unloading	  with	  no	  observable	  difference	  in	  the	  flow	  stress	  or	  the	  yield	  point	  during	  this	  loading	  cycle.	  However,	  when	  the	  temperature	  is	  lowered,	  and	  the	  specimen	  is	  reloaded	  at	  room	  temperature,	  the	  material	  yields	  at	  a	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lower	   stress	   than	   the	   nominal	   flow	   stress	   for	   the	   isothermal	   strain	   state.	   The	  material	   continues	   to	   strain	  with	   the	  same	  hardening	  rate,	  but	  does	  not	   reach	   the	  isothermal	  material	  flow	  stress	  upon	  further	  loading.	  The	  load	  drop	  is	  of	  the	  order	  of	  20	  MPa	  (~6	  %	  of	  the	  flow	  stress),	  and	  is	  comparable	  to	  the	  serration	  amplitude	  at	  600°C.	   The	   far	   field	   response,	   obtained	   from	   the	   machine	   clearly	   indicates	   the	  existence	   of	   the	   PLC	   effect,	   and	   a	   flow	   stress	   drop	   upon	   reloading	   at	   a	   lower	  temperature,	  which	  is	  comparable	  to	  the	  magnitude	  of	  the	  drop	  observed	  from	  the	  DIC	  data.	  	  	  
	  
Fig. 4.2: Cottrell-Stokes type response of Hastelloy X obtained from the corrected 
machine data using the compliance correction technique. The knee observed in the 
elastic portion corresponds to the specimen relaxation on the grips. The PLC effect is 
clearly observed in the CS experiment, leading to a drop in flow stress upon reloading.  	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Fig. 4.3: Cottrell-Stokes type response of Hastelloy X. On reloading at room 
temperature, the material yields before the isothermal flow stress for the plastic strain 
state is reached. The PLC effect is observed as clusters of data points at the high 
temperature curves i.e the monotonic experiment at 600°C, and the first cycle of the CS 
experiment. 
	  
4.2	  Inverse	  Cottrell-­‐Stokes	  type	  experiment	  
	  An	   inverse	   test	   protocol	   of	   the	  previous	   section	  was	   carried	  out	   to	  determine	   the	  effect	   of	   low	   temperature	   plasticity	   on	   the	   high	   temperature	   flow	   behavior.	   The	  specimen	  was	  first	  loaded	  at	  room	  temperature	  and	  unloaded	  at	  a	  particular	  strain	  level.	   The	   temperature	  was	   then	   increased	   to	   600°C,	   and	   allowed	   to	   reach	   steady	  state	  before	  further	  reloading	  was	  commenced.	  The	  thermal	  strains	  were	  removed	  in	  the	  DIC	  analysis	  by	  comparing	  an	  image	  at	  room	  temperature	  with	  a	  subsequent	  image	   at	   600°C	   at	   no	   load,	   and	   subtracting	   the	  mean	   strain	   from	   the	   strain	   data	  obtained	   for	   the	   high	   temperature	   cycle.	   Following	   this	   fashion,	   only	   the	   net	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mechanical	  strain	  is	  plotted	  in	  the	  subsequent	  figures.	  Figure	  4.4	  and	  Fig.	  4.5	  show	  the	  comparison	  of	  the	  inverse	  Cottrell-­‐Stokes	  test	  with	  the	  isothermal	  stress	  strain	  curves	  at	  room	  temperature	  and	  600°C,	  obtained	  from	  the	  corrected	  machine	  data	  and	   DIC	   data	   respectively.	   During	   the	   cycle	   at	   room	   temperature,	   the	   material	  responds	  as	  expected	  and	  follows	  the	  isothermal	  stress	  strain	  curve.	  However,	  there	  is	   also	   good	   agreement	   during	   the	   second	   high	   temperature	   cycle	   (which	   is	   not	  observed	  in	  the	  case	  of	  the	  CS	  experiment),	  and	  the	  flow	  stress	  is	  very	  close	  to	  the	  flow	   stress	   under	   uniaxial	   monotonic	   tension.	   However,	   there	   is	   evidence	   of	  serrated	  flow	  in	  the	  600°C	  cycle	  upon	  reloading.	  This	  suggests	  that	  there	  may	  be	  an	  underlying	  influence	  of	  dynamic	  strain	  hardening	  at	  high	  temperatures	  that	  causes	  a	  drop	  in	  the	  flow	  stress.	  	  
	  
Fig. 4.4: Inverse CS type response of Hastelloy X. It is observed that upon reloading at 
600°C, the material yields at the isothermal flow stress at the same temperature. The 
inverse CS reloading cycle is compared to an extrapolation of the monotonic tension 
loading at 600°C,	  by fitting a Ramberg-Osgood power law. 
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Fig. 4.5: Inverse CS response of Hastelloy X. The yielding in high temperature cycle 
commences at the isothermal flow stress for the material strain state.  	  
4.3	  Cyclic	  Cottrell-­‐Stokes	  Experiment	  
	  In	  the	  previous	  section,	  it	  was	  found	  that	  the	  high	  temperature	  cycle	  induced	  some	  additional	   hardening	   effects,	  which	   influenced	   the	   response	   at	   room	   temperature.	  However,	  the	  effect	  of	  temperature	  could	  not	  be	  understood	  completely	  with	  single	  test	   cycles,	   a	   multi-­‐cycle	   test	   was	   carried	   out.	   These	   essentially	   replicate	   the	  Cottrell-­‐Stokes	   experiment	   or	   the	   inverse	   test	   in	   blocks,	   with	   the	   temperature	  alternated	  between	  every	  cycle.	  Before	  the	  commencement	  of	  loading	  at	  each	  cycle,	  the	  temperature	  was	  allowed	  to	  reach	  a	  steady	  state	  value.	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The	  first	  load	  cycle	  in	  the	  Cottrell-­‐Stokes	  test	  was	  at	  600°C	  (see	  Figure	  4.6),	  where	  as	  for	  the	  inverse	  Cottrell-­‐Stokes	  test,	  the	  first	  cycle	  was	  at	  room	  temperature	  (see	  Figure	  4.7).	   	  There	  is	  a	  clear	  trend	  of	  the	  room	  temperature	  response	  yielding	  at	  a	  lower	   flow	   stress,	   when	   preceded	   by	   a	   high	   temperature	   cycle,	   and	   is	   seen	   to	  increase	  slightly	  with	  increasing	  high	  temperature	  cycles.	  	  According	  to	  Mulford	  and	  Kocks	   (1979),	   the	   principal	   reason	   for	   the	   difference	   is	   the	   dynamic	   recovery.	   It	  causes	   a	   gradual	   change	   in	   the	   structure	   due	   to	   rearrangement	   of	   the	   stored	  dislocations	  into	  lower	  energy	  configurations.	  	  
	  
Fig. 4.6: Cyclic Cottrell-Stokes response of Hastelloy X. Each room temperature cycle 
shows a drop in flow stress when compared to the monotonic response. 	  An	  explanation	  for	  the	  observed	  behavior,	  based	  on	  the	  dislocation	  arrest	  model	  due	  to	  dynamic	  strain	  aging,	  was	  put	  forth	  by	  Sleeswyk	  et	  al.,	  (1958).	  The	  solute	  atoms	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dispersed	  in	  the	  solid	  solution	  do	  not	  possess	  sufficient	  mobility	  in	  the	  temperature	  regime	  of	  dynamic	  strain	  aging	  to	  keep	  pace	  with	  moving	  dislocations.	  However,	  the	  mobile	   dislocation	   is	   arrested	   and	   waiting	   for	   thermal	   activation.	   This	   becomes	  increasingly	   important	  as	   the	  dislocation	   interaction	  component	  of	   the	   flow	  stress	  increases	  during	  deformation.	  The	  conditions	  needed	  for	  unstable	  flow	  to	  occur	  may	  be	  affected,	   independent	  of	   the	  effect	  of	  precipitation	  on	   the	  dynamic	   strain	  aging	  mechanism.	   It	   is	   established	   that	   the	   load	   drops	   characteristic	   of	   jerky	   flow	   are	  associated	  with	  the	  Portevin-­‐Le	  Chatelier	  bands.	  	  
	  
Fig. 4.7: Inverse cyclic Cottrell-Stokes response of Hastelloy X. There is a drop in flow 
stress following the first high temperature cycle, highlighting the effect of high 
temperature plastic history on further plastic deformation. 	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Chapter	  5	  Response	  under	  Biaxial	  Thermo-­‐mechanical	  Stresses	  
	  Most	   structural	   components	   possess	   some	   geometrical	   discontinuities	   that	   are	  necessitated	   by	   design	   to	   accommodate	   fasteners,	   joints	   or	   for	   weight	   reduction.	  There	   is	   a	   need	   to	   characterize	   localized	   plasticity	   in	   the	   presence	   of	   such	  discontinuities	   because	   of	   the	   stress	   concentration	   induced	   there.	   Under	   the	  influence	  of	  combined	  thermal	  and	  mechanical	  loads,	  such	  stress	  concentration	  sites	  can	   also	   allow	   initiation	   of	   the	   dynamic	   strain	   aging	   bands	   that	   may	   influence	  plasticity	   accumulation	   in	   the	   region.	   Hence,	   the	   local	   strain	   fields	   can	   be	   highly	  inhomogeneous	   in	  such	  a	  biaxial,	  or	   in	  general	   triaxial	   loading	  situations,	  and	  may	  not	  be	  amenable	  to	  a	  predictive	  material	  model.	  The	  effect	  of	  dynamic	  strain	  aging	  in	   aluminum	   alloys	   with	   geometric	   features	   has	   been	   studied	   by	   Benallal	   et	   al.,	  (2008)	  and	  Tong	  et	  al.,	  (2011).	  Both	  works	  presented	  a	  qualitative	  analysis	  of	   the	  PLC	   band	   formation	   in	   the	   presence	   of	   U-­‐notches	   and	   V-­‐notches	   at	   room	  temperature.	   The	   present	   study	   aims	   at	   providing	   an	   insight	   into	   the	   effect	   of	  temperature	   on	   the	   localized	   plasticity	   evolution	   in	   a	   dynamically	   strain	   aging	  material	   under	   multiaxial	   loading	   conditions.	   Machined	   double	   notch	   specimens	  were	  used	  to	  carry	  out	  the	  experiments	  (Fig.	  5.1	  and	  Fig.	  2.1(b)),	  as	  they	  provided	  sufficient	   area	   for	   observation	   and	   imaging	   the	   deformation	   between	   the	   two	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notches.	  As	   in	   the	  uniaxial	   loading	  case,	  both	  monotonic	   loading	  and	  cyclic	  plastic	  loading	   experiments	   were	   conducted	   at	   several	   temperature	   levels,	   either	   under	  isothermal	   conditions	   or	   with	   temperature	   jumps.	   The	   loading	   history	   for	  monotonic	   isothermal	   loading	  at	   room	  temperature,	  300°C	  and	  600°C	   is	   shown	   in	  Fig.	  5.2,	  Fig.	  5.3	  and	  Fig.	  5.4	  respectively.	  As	  before,	  serrated	  plastic	  flow	  behavior	  is	  seen	  in	  the	  far	  field	  machine	  data	  at	  higher	  temperatures,	  with	  larger	  characteristic	  load	  drops	  seen	  to	  occur	  at	  periodic	  intervals	  at	  600°C.	  
	  
Fig. 5.1: Double U-notched specimen used for the biaxial thermo-mechanical 
experiments. The notches are machined using the technique of wire EDM. Pins on the 
grip hold the specimen. Chapter 2 discusses the surface preparation methods for 
Hastelloy X specimens.  	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Fig. 5.2: Load history at room temperature. Close up of the curve shows no serrations 
with increasing plastic flow. 
 
 	  
Fig. 5.3: Load history at 300°C. Close up of the curve shows no serrations at the onset of 
plasticity, but shows serrated behavior with increasing plastic flow. 
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Fig. 5.4: Load history at 600°C. Close up of the curve shows steep load drops occurring 
periodically corresponding to PLC band propagation. 	  	  
5.1	  Full	  field	  Strains	  and	  Geometry	  Induced	  PLC	  Effect	  	  
	  	  A	  full	  field	  measure	  of	  strain	  in	  the	  region	  around	  the	  notch	  can	  be	  obtained	  though	  the	  DIC	  analysis	  of	   the	  deformation.	  Figure	  5.5(a),	   (b)	  and	   (c)	   show	  the	  measured	  full	   field	   strain	   along	   the	   axial	   direction	   (direction	   of	   loading),	   the	   transverse	  direction	  and	  the	  in-­‐plane	  shear	  component	  of	  the	  monotonic	  tension	  experiment	  at	  600°C.	   There	   is	   a	   strain	   concentration	   at	   each	   notch	   tip,	   which	   decreases	   as	   the	  center	  of	  the	  specimen	  between	  the	  two	  notches	  is	  approached.	  The	  strain	  fields	  are	  generally	   symmetric,	   but	   do	   possess	   a	   large	   amount	   of	   local	   inhomogeneity.	  Therefore,	  the	  average	  strain	  in	  a	  small	  region	  between	  the	  two	  notches,	  highlighted	  as	   the	  red	  area	   in	  Fig.	  5.5(d),	  was	  computed	   in	  order	   to	  study	  the	  cyclic	  response.	  The	   region	   is	   selected	   such	   that	   it	   is	   centered	   about	   the	   loading	   and	   notch	   axes.	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Figure	  5.6(a)	  shows	  the	  axial	  strain	  history	  in	  this	  region	  for	  different	  temperatures.	  	  At	   room	   temperature,	   the	   response	   shows	  uniform	   strain	   evolution,	   but	   at	   higher	  temperatures,	   jumps	   in	   strains	   are	   evidence	   of	   localized	   serrated	   plastic	   flow.	   At	  300°C,	  the	  strain	  jumps	  are	  more	  continuous,	  and	  of	  lower	  amplitude	  than	  at	  600°C,	  where	  the	  flow	  is	  interrupted	  by	  large	  jumps	  in	  between	  smaller	  strain	  jumps.	  Since	  all	   experiments	  were	   carried	  out	  under	  displacement	   control,	   the	   serrations	  are	  a	  consequence	   of	   load	   drops	   due	   to	   specimen	   relaxation.	   Figures	   5.6(b)	   and	   5.6(c)	  show	  the	  evolution	  of	  the	  transverse	  and	  the	  shear	  strain	  components	  in	  the	  same	  region	   shown	   in	   Fig.	   5.5(d),	   which	   also	   exhibit	   some	   non-­‐uniform	   strain	  accumulation.	   It	   would	   be	   interesting	   to	   understand	   the	   coupling	   between	   the	  multiple	   strain	   components	   and	   the	   plastic	   strain	   accumulation	   with	   the	  information	  of	  dynamic	  strain	  aging.	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Fig. 5.5: (a) Vertical Strain (εyy) obtained from DIC analysis indicating an 
inhomogeneous strain field with stress concentration near the notch tip. (b) Transverse 
Strain (εxx), (c) Shear Strain (εxy), (d) Specimen with a speckle pattern indication window 
over which strain evolution is analyzed.	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Fig. 5.6: Strain history at different temperatures under the influence of the notch. There 
is evidence of dynamic strain aging at 300°C and 600°C. (a) Axial strain along loading 
direction, (b) Transverse strain and (c) shear strain.  
 
!"
#"
$"
!"
#"
$"
	   86	  
A	   closer	   analysis	   of	   the	   strain	   evolution	   shows	   evidence	   of	   serrated	   flow	   that	   is	  caused	   as	   a	   result	   of	   dynamic	   strain	   aging.	   Figure	   5.7	   shows	   strain	   concentration	  bands	   observed	   originating	   at	   the	   notch	   root	   and	   propagating	   either	   upwards	   or	  downwards,	  away	  from	  the	  notch	  section.	  It	  is	  also	  seen	  that	  the	  regions	  of	  largest	  strains	  are	  not	  at	  the	  area	  of	  least	  cross	  section,	  i.e.,	  the	  area	  between	  the	  notch	  tips.	  Instead,	  the	  bands	  originating	  at	  an	  angle	  to	  the	  horizontal	  axis	  cause	  the	  strain	  to	  be	  concentrated	  slight	  away	  from	  the	  notch	  tip,	  and	  the	  band	  has	  a	  curved	  profile.	  Snapshots	   taken	   of	   the	   full	   field	   strain	   are	   shown	   in	   Fig.	   5.7	   and	   Fig.	   5.8	   for	   the	  experiment	   at	   600°C.	   Figure	   5.7	   corresponds	   to	   the	   strain	   jump	   observed	   in	   the	  strains	  at	  240	  seconds,	  and	  a	  half	  band	   is	   initiated	  at	   the	  notch	   tip.	  A	  half	  band	   is	  seen	   to	  originate	  at	   each	  notch	   tip	   simultaneously,	  but	  have	   the	  opposite	   sense	  of	  inclination,	  i.e.	  the	  right	  band	  originates	  at	  60	  degrees	  to	  the	  loading	  axis,	  whereas	  the	  left	  band	  is	  seen	  at	  -­‐60	  degrees.	  The	  band	  propagation	  is	  restricted	  to	  the	  notch	  root	   due	   to	   the	   large	   change	   in	   cross	   section	   area	   of	   the	   specimen.	   The	   band	  corresponding	   to	   the	   jump	   at	   340	   seconds	   is	   depicted	   in	   Fig.	   5.8.	   A	   full	   band,	  indicating	  interaction	  of	  both	  the	  notches,	  contributes	  to	  the	   localized	  strain	   jump.	  The	   strain	   state	   after	   propagation	   of	   the	   band	   is	   also	   shown	   in	   the	   sequence	   of	  images.	  The	  band	  morphology	  is	  similar	  to	  the	  PLC	  bands	  observed	  in	  the	  uniaxial	  tension	   experiments,	   with	   the	   bands	   showing	   localized	   branching.	   However,	   the	  strain	  in	  the	  bands	  is	  much	  higher	  in	  the	  presence	  of	  stress	  concentrations,	  causing	  a	  jump	   of	   0.1	   -­‐	   0.2%	   (compared	   to	   0.05-­‐0.08%	   in	   uniaxial	   tension	   experiments	  without	  stress	  concentration),	  suggesting	  a	  connection	  between	  the	  local	  geometry	  and	  the	  PLC	  effect.	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Fig. 5.7: Half band is seen to originate at the left notch corresponding to the strain jump 
at 240 seconds. The band ceases to propagate beyond the notched section, due to a large 
area change.  	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Fig. 5.8: Progression of a PLC band showing strain accumulation around the notches. 
The strain fields correspond to 336 s, 338 s, 340 s and 342 s for the 600°C experiment. 	  
	  
5.2	  Plastic	  Strain	  Evolution	  during	  Thermal	  Cycling	  	  The	  effect	  of	  temperature	  cycling	  on	  plasticity	  evolution	  in	  a	  biaxial	  stress	  state	  was	  studied	   by	   cycling	   a	   double-­‐notched	   specimen	   at	   room	   temperature,	   followed	   by	  cycles	   at	   300°C	   and	   600°C.	   The	   specimen	   was	   loaded	   at	   higher	   temperatures	  following	  the	  plastic	  work	  induced	  at	  the	  room	  temperature	  cycles.	  In	  Section	  3.2,	  it	  
!"##$%&'(%% !"##)%&'(%%
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was	  observed	  that	  the	  PLC	  bands	  were	  initiated	  at	  temperatures	  above	  300°C	  and	  at	  higher	   plastic	   strains.	   Figure	   5.9	   shows	   the	   load	   displacement	   curve	   for	   an	  experiment	   with	   temperature	   cycling.	   It	   can	   be	   seen	   that	   the	   cycles	   at	   higher	  temperatures	  show	  more	  load	  serrations	  that	  the	  cycles	  at	  room	  temperature.	  The	  kink	   in	   the	   curve	   during	   the	   first	   and	   third	   loading	   cycles	   are	   on	   account	   of	   grip	  relaxation	  at	  the	  specimen	  –	  grip	  interface.	  	  
	  
Fig. 5.9: Load-displacement curve for the cyclic loading case. The specimen was subject 
to 5 loading cycles – two at room temperature followed by a 300°C and two 600°C 
cycles. 	  Strains	  along	  the	  line	  connecting	  the	  notch	  tips	  were	  obtained	  along	  the	  least	  cross-­‐section	  of	  the	  specimen	  between	  the	  notches,	  i.e.,	  along	  the	  horizontal	  dashed	  line	  in	  Fig.5.5(d),	   as	   a	   function	   of	   distance	   along	   the	   centerline,	   with	   zero	   denoting	   the	  specimen	   center	   between	   the	   notches.	   This	   strain	   data	   has	   been	   obtained	   for	   the	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peak	   of	   each	   loading	   cycle,	   just	   before	   unloading	   is	   commenced.	   At	   room	  temperature	  (Fig.	  5.10	  (a),	   (b)),	   there	   is	  high	  asymmetry	   in	   the	  strain	   fields	   to	   the	  left	   and	   right	   of	   the	   center	   point,	  which	  may	   be	   due	   to	   geometric	   inconsistencies	  induced	  during	  the	  specimen	  machining	  process	  as	  well	  as	  microstructural	  effects.	  	  (The	  average	  grain	  size	   is	  about	  60	  μm).	  The	  averaged	  strain	  between	  the	   left	  and	  right	  side	  of	  the	  specimen	  is	  also	  shown,	  and	  agrees	  with	  the	  general	  trend	  obtained	  with	  a	  generalized	  plasticity	  models	  (Sobotka	  and	  Dodds,	  2012).	  	  	  Accumulation	   of	   plastic	   strains	   occurs	   over	   regions	   where	   plastic	   deformation	   is	  higher	   (Bazinski,	  1980;	  Bower,	  1986).	  This	  can	  be	  observed	   in	  Fig.	  5.10(b),	  where	  there	   is	   an	   addition	   of	   plastic	   strain	   over	   Fig.	   5.10(a),	   and	   the	   asymmetry	   in	   the	  strain	   field	   is	   still	   maintained.	   However,	   as	   the	   temperature	   is	   ramped	   up	   after	  unloading	   of	   the	   second	   RT	   cycle,	   the	   ability	   of	   the	  material	   to	   flow	   is	   increased,	  affecting	   its	   plastic	   behavior.	  With	   further	   plastic	   straining,	   dynamic	   aging	   effects	  contribute	   to	   the	  straining,	  causing	   the	  strain	   field	   to	   transition	   to	  one	  with	   lesser	  asymmetry	  (Fig.	  5.10	  (c),	  (d),	  (e)).	  This	  can	  be	  a	  consequence	  of	  the	  reduced	  solute	  drag	   and	   release	   of	   dislocation	   pile	   ups	   at	   higher	   temperatures,	   that	   result	   in	   a	  sudden	   jump	   in	   strain,	   at	   certain	   preferential	   locations,	   thus	   establishing	   greater	  symmetry	   in	   the	   strain	   field.	   There	   is	   still	   an	   extent	   of	   asymmetry	   that	   could	   be	  attributed	   to	   grain	   level	   effects.	   The	   averaged	   response	   shows	   continued	   plastic	  strain	   accumulation,	   which	   follows	   the	   expected	   trend.	   Further	  work	   in	   this	   area	  would	   include	   studying	   the	   anisotropy	   ratio	   with	   determination	   of	   out-­‐of-­‐plane	  strains	  using	  a	  stereovision	  setup	  that	  would	  offer	  a	  better	  understanding	  of	  plastic	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strain	  accumulation	  at	  higher	  temperatures	  in	  a	  material	  exhibiting	  dynamic	  strain	  aging,	   and	   is	   needed	   to	   fully	   understand	   the	   counterintuitive	   phenomenon	   of	   a	  localization	  effect	  such	  as	  PLC	  band	  formulation	  causing	  increased	  symmetry	  if	  the	  strain	  field.	  	  	  
	  	  
	  	  Fig.	  5.10	  continued	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  Fig.	  5.10	  continued	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!"
	   93	  
	  	  
Fig. 5.10: Strain profiles for the cyclic loading experiment at (a) room temperature, (b) 
room temperature (c) 300°C  (d) 600°C  (e) 600°C. as a function of distance from the 
centerline.  
	  
5.3	  Effect	  of	  Temperature	  Change	  on	  Plastic	  Material	  Flow	  	  
	  Under	   thermo-­‐mechanical	  cycling,	   the	  specimen	  shows	  an	  atypical	   strain	   increase,	  when	   subjected	   to	   multiple	   cycles	   at	   different	   temperatures	   preceded	   by	   plastic	  work	  at	  a	  different	  temperature.	  This	  can	  be	  viewed	  as	  the	  analogue	  of	  the	  Cottrell-­‐Stokes	   experiment,	   to	   study	   the	   effect	   of	   a	   stress	   concentration.	   Full	   field	   strain	  analyses	   for	   the	   notched	   specimens	   with	   temperature	   cycling	   are	   compared	   to	  experiments	  conducted	  under	  isothermal	  conditions,	  and	  are	  qualitatively	  analyzed.	  Table	  5.1	  provides	  a	  summary	  of	  the	  thermal	  cycling	  experiments	  carried	  out	  on	  the	  double	   U-­‐notched	   specimens.	   The	   experiments	   with	   the	   300-­‐600°C	   temperature	  cycles	  are	  dealt	  with	  in	  detail	  here.	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Table 5.1: Thermal cycling experiments with double U-notched specimens 
Temperature	  
range	  
Cycle	  1	   Cycle	  2	   Cycle	  3	  
	  
Room	  
Temperature	  
RT	   RT	   RT	  RT	   RT	   300°C	  RT	   300°C	   RT	  300°C	   RT	   RT	  
300°C	  
300°C	   300°C	   300°C	  300°C	   300°C	   600°C	  300°C	   600°C	   300°C	  600°C	   300°C	   300°C	  
600°C	   600°C	   600°C	   600°C	  	  	  Figure	  5.11(a),	  (b)	  and	  (c)	  show	  the	  load-­‐displacement	  curves	  for	  the	  experiments	  with	  three	  loading	  cycles	  at	  300°C	  -­‐300°C	  -­‐600°C,	  300°C	  -­‐600°C	  -­‐300°C	  and	  600°C	  -­‐300°C	   -­‐300°C	  respectively.	  Though	   there	   is	  not	  much	  difference	   in	   the	  macroscale	  response,	  there	  is	  a	  large	  variation	  in	  the	  local	  behavior	  at	  the	  magnifications	  used	  in	  the	  DIC	  setup.	  This	  is	  a	  consequence	  of	  larger	  plastic	  strain	  that	  are	  localized	  due	  to	   the	   stress	   concentration,	   and	   the	   PLC	   effect	   that	   becomes	   apparent	   at	   higher	  strains	  and	  temperatures.	  	  	  	  
	   95	  
	  
	  
	  
 
!
!
!
Fig.	  5.11	  continued	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Fig. 5.11: Load-displacement curves from the double U-Notch experiments with 
thermal cycling – (a) 300°C -300°C -600°C, (b) 300°C -600°C -300°C , (c) 600°C -300°C 
-300°C and (d) 600°C -600°C -600°C. When the temperature is changed, there is a 
change in the elastic modulus and flow stress. 	  The	   first	   comparison	   shows	   two	   specimens	   subjected	   to	   three	   loading	   cycles.	   The	  first	  specimen	  was	  loaded	  in	  two	  cycles	  at	  300°C.	  Before	  reloading	  was	  commenced	  for	  the	  third	  cycle,	  the	  temperature	  was	  ramped	  to	  600°C.	  The	  second	  specimen	  was	  isothermally	   loaded	   in	   three	   cycles	   without	   a	   change	   in	   temperature	   at	   600°C.	  Figure	  5.12(a)	   shows	   the	  strain	   field	   for	   the	   isothermal	  experiment	  at	  600°C	  after	  the	  specimen	  was	  unloaded	  after	  the	  third	  cycle	  (i.e.,	  in	  these	  plots	  the	  strain	  field	  is	  comprised	  of	  only	  the	  plastic	  strain	  components),	  and	  Fig.	  5.12(b)	  shows	  the	  plastic	  strain	   field	   for	   the	  specimen	  with	   the	   temperature	  change.	  The	  specimen	  with	   the	  two	  300°C	  cycle	  shows	  higher	  final	  strains	  than	  the	  isothermal	  specimen	  loaded	  in	  three	  cycles,	  even	  though	  plastic	  flow	  at	  600°C	  is	  higher,	  due	  to	  lower	  material	  yield	  stress.	   	  The	  occurrence	  of	  larger	  strain	  jumps	  seen	  at	  300°C	  in	  the	  monotonic	  dog-­‐
!
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bone	   tension	   experiments	   with	   increasing	   plastic	   strains	   explains	   the	   increased	  strain	  observed	  in	  Fig.	  5.12(b).	  In	  contrast,	  at	  isothermal	  600°C	  conditions,	  the	  PLC	  effect	   is	   diminished	   at	   higher	   strains	   thus	   producing	   overall	   less	   strain	  accumulation.	  	  
	  
Fig. 5.12: (a) Details of the strain field for an isothermal three loading cycle experiment 
at 600°C. (b) Strain field for the 300°C-300°C-600°C experiment, showing greater strain 
accumulation. 	  The	  sequence	  of	  the	  300°C	  and	  600°C	  cycle	  also	  has	  an	  influence	  on	  the	  final	  plastic	  strain	   field	   achieved.	   It	   was	   observed	   that	   if	   the	   high	   temperature	   cycle	   occurs	  between	   or	   precedes	   the	   low	   temperature	   cycles,	   then	   the	   strains	   obtained	   are	  lower	   than	   in	   the	   isothermal	   case.	   Figure	   5.13(b)	   shows	   the	   case	   of	   a	   specimen	  loaded	  with	  a	  300°C-­‐600°C-­‐300°C	  cycling,	  compared	  with	  a	  specimen	  loaded	  under	  isothermal	  conditions	  at	  600°C.	  Figure	  5.14(b)	  shows	  the	  case	  of	  another	  specimen	  loaded	   with	   a	   600°C-­‐300°C-­‐300°C	   cycling.	   In	   both	   cases,	   the	   strains	   around	   the	  double	   notch	   are	   lower	   than	   the	   strain	   obtained	   in	   the	   isothermal	   experiment.	  
!" #"
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Dynamic	   strain	   aging	   at	   300°C	   causes	   PLC	   bands	   to	   propagate	   causing	   a	   strain	  increment	   as	   the	  band	  propagates.	   The	   strain	  bands	   also	   cause	   localized	   shearing	  causing	  the	  strain	  accumulation	  away	  from	  the	  center	  of	  the	  notch	  (Fig.	  5.14	  b).	  This	  provides	  a	  new	  insight	  into	  stress	  concentration	  in	  dynamic	  strain	  aging	  materials.	  Local	  microstructure	  also	  plays	  a	  role	  in	  accumulating	  plastic	  strains	  (Abuzaid	  et	  al.,	  2012),	  but	   the	  effect	  of	   temperature	  on	  microstructural	  behavior	   in	  Hastelloy	  X	   is	  yet	  to	  be	  investigated.	  	  	  	  
	  	  
Fig. 5.13: (a) Strain field for the isothermal experiment at 600°C. (b) Strain field for the 
300°C-600°C-300°C experiment 
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Fig. 5.14: (a) Strain field for the isothermal experiment at 600°C. (b) Strain field for the 
600°C-300°C-300°C experiment, showing a offset of the maximum strain due to 
localized shearing as a consequence of PLC band formation.  
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Chapter	  6	  Conclusions	  and	  Future	  Work	  
	  The	  main	  objectives	  of	  this	  work	  were	  to	  study	  was	  to	  study	  the	  thermo-­‐mechanical	  response	   of	  Hastelloy	   X	   at	   elevated	   temperatures,	   and	   understand	   its	   behavior	   in	  the	  plastic	  regime	  as	  a	  consequence	  of	  dynamic	  strain	  aging	  behavior	  seen	  at	  high	  temperatures.	  The	  results	  obtained	  in	  this	  work	  illustrate	  the	  effect	  of	  temperature	  on	   both	   the	   far	   field	   (macroscale)	   response,	   and	   well	   as	   the	   local	   response	   of	  Hastelloy	  X.	  Isothermal	  and	  cyclic	  responses	  have	  been	  studied	  and	  the	  results	  have	  been	  elucidated	  in	  this	  work.	  	  	  Isothermal	  tension	  experiments	  at	  constant	  strain	  rate	  were	  conducted	  to	  obtain	  the	  response	  of	  the	  material	  at	  different	  temperatures.	  The	  stress	  strain	  curves	  showed	  the	   existence	   of	   serrated	   flow	   behavior	   in	   the	   temperature	   range	   of	   300-­‐700°C.	  Different	   types	   of	   serrated	   flow	   behavior	  were	   seen	  with	   change	   in	   temperature,	  and	  there	  was	  an	  associated	  sudden	  jump	  in	  strain	  followed	  by	  a	  relaxation	  phase.	  At	   lower	   temperatures	   (300-­‐450°C),	   continuous	   serrations	   of	   constant	   amplitude	  were	   observed,	   whereas	   at	   higher	   temperatures	   (above	   500°C)	   regions	   of	   small	  serrations	  were	  seen	   lying	  between	  periodic	   large	   jumps	   in	   the	   load.	  These	   jumps	  are	   associated	   with	   bands	   of	   constant	   strain	   propagating	   through	   the	   specimen,	  causing	  local	  shearing	  and	  a	  jump	  in	  strain.	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The	   strain	   increment	   behavior	   over	   a	   small	   window	   shows	   the	   non-­‐continuous	  nature	   of	   strain	   increase,	   with	   a	   certain	   time	   period	   of	   specimen	   relaxation,	   that	  corresponds	   to	   the	   time	   interval	   between	   two	   bands	   passing	   through	   the	   same	  region.	   The	   bands	   are	   seen	   to	   propagate	   either	   upward	   or	   downward.	   As	   the	  temperature	   increases,	   the	   PLC	   effect	   is	   seen	   to	   diminish.	   Each	   PLC	   band	   is	  comprised	  of	  multiple	  band	  fronts,	  each	  contributing	  to	  the	  strain	  increase.	  Previous	  studies	  by	  Miner	  et	  al.,	   (1992),	   Sakthivel	  et	  al.,	   (2012),	   show	  evidence	  of	   serrated	  flow	  behavior	  in	  Hastelloy	  X	  at	  elevated	  temperatures,	  but	  this	  study	  is	  the	  first	  to	  use	  the	  technique	  of	  digital	  image	  correlation	  to	  study	  and	  characterize	  the	  dynamic	  strain	  aging	  process.	  	  	  Another	  consequence	  of	  the	  dynamic	  strain	  aging	  phenomenon	  is	  the	  CS	  effect,	  that	  results	   in	   a	   reduction	   in	   flow	   stress	   upon	   reloading	   at	   a	   lower	   temperature,	   after	  pre-­‐loading	   at	   a	   high	   temperature.	   Studies	   by	   Cottrell	   and	   Stokes	   (1955),	   on	  aluminum	   indicate	   an	   irreversible	   component	   of	   the	   flow	   stress	   drop,	   that	   is	  attributed	  to	  strain	  aging.	  The	  load	  drop	  in	  Hastelloy	  X	  is	  observed	  to	  be	  around	  20	  MPa	   (<10	   %	   of	   the	   flow	   stress	   under	   isothermal	   conditions).	   Cyclic	   loading	  experiments	   indicate	   that	   the	   plastic	   strain	   accumulated	   at	   high	   temperature	  influenced	  by	  the	  PLC	  effect,	  dictates	  the	  flow	  stress	  at	  lower	  temperatures.	  	  	  The	  effect	  of	  dynamic	  strain	  aging	  under	  a	  biaxial	  state	  of	  stress	  was	  also	  studied.	  Previous	  qualitative	  studies	  by	  Tong	  et	  al.,	  (2011),	  show	  that	  the	  PLC	  bands	  initiate	  around	  a	  stress	  concentration	  causing	  further	  jumps	  in	  the	  strain	  locally.	  	  This	  work	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provides	   some	   insight	   about	   the	   deformation	   in	   Hastelloy	   X,	   under	   biaxial	  conditions	   at	   high	   temperature.	   Certain	   counterintuitive	   phenomena	   such	   as	   the	  establishment	   of	   a	   more	   symmetric	   strain	   state	   under	   cyclic	   loading	   and	   larger	  plastic	  strains	  with	  temperature	  jump	  experiments	  (in	  comparison	  to	  the	  isothermal	  experiment),	   have	   been	   explained	   on	   the	   basis	   of	   dynamic	   strain	   aging	   and	  associated	  solute	  drag	  effects.	  	  	  The	  results	  produced	  from	  this	  study	  have	  provided	  an	  increased	  knowledge	  of	  the	  effects	  of	  dynamic	  strain	  aging	  on	   the	  plastic	  deformation	  behavior	  of	  Hastelloy	  X.	  DIC	   measurements	   provide	   a	   link	   between	   the	   macroscale	   response	   and	   the	  microstructural	  effects	  in	  the	  deformation	  process.	  They	  also	  allow	  characterization	  of	  the	  serrated	  flow	  behavior	  over	  the	  entire	  field	  of	  view.	  Since	  the	  DIC	  method	  is	  scale	   invariant,	   the	   study	   can	   be	   extended	   to	   higher	   magnifications	   where	   grain	  level	  and	  sub-­‐grain	  level	  information	  can	  be	  obtained.	  	  	  The	   future	  work	   in	   this	   study	   can	  be	   extended	   to	  greater	   experimental	  detail	   and	  improvement	   of	   the	   spatio-­‐temporal	   resolution	   of	   the	   data	   acquisition	   setup.	  Experiments	   at	   higher	   temperatures	   would	   provide	   information	   about	   localized	  strain	  aging	  effects	  that	  are	  not	  observable	   in	  the	  macroscale	  response.	  The	  use	  of	  stereo	  vision	  would	  provide	  information	  on	  the	  effect	  of	  out	  of	  plane	  strains	  on	  the	  initiation	   and	   propagation	   of	   PLC	   bands	   at	   high	   temperature.	   	   This	   experimental	  information	   can	   also	   be	   linked	   to	   microstructural	   studies	   using	   Electron	   Back	  Scatter	  Diffraction	  (EBSD),	  as	  well	  as	  spectroscopy	  measurements	  to	  understand	  the	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mechanisms	  for	  high	  temperature	  dynamic	  strain	  aging.	  The	  experimental	  data	  also	  provides	   information	   to	   study	   fracture	   and	   fatigue	   properties	   of	   Hastelloy	   X,	   and	  understand	  the	  effect	  of	  dynamic	  strain	  aging	  on	  the	  failure	  properties.	  It	  can	  also	  be	  extended	  towards	  the	  development	  of	  a	  computational	  model	  for	  Hastelloy	  X,	  where	  the	  serrated	  behavior	  can	  be	  built	  into	  the	  material	  database.	  	  	  	  
	   104	  
References	  	  
Abuzaid, W.Z., Sangid, M.D., Carroll, J.D., Sehitoglu, H., Lambros, J., 2012. Slip 
transfer and plastic strain accumulation across grain boundaries in Hastelloy X. Journal 
of the Mechanics and Physics of Solids 60, 1201–1220. 
 
Basinski, Z.., 1974. Forest hardening in face centred cubic metals. Scripta Metallurgica 8, 
1301–1307. 
 
Benallal, A., Berstad, T., Børvik, T., Clausen, A.H., Hopperstad, O.S., 2006. Dynamic 
strain aging and related instabilities: experimental, theoretical and numerical aspects. 
European Journal of Mechanics - A/Solids 25, 397–424. 
 
Benallal, A., Berstad, T., Børvik, T., Hopperstad, O.S., Koutiri, I., de Codes, R.N., 2008. 
An experimental and numerical investigation of the behaviour of AA5083 aluminium 
alloy in presence of the Portevin–Le Chatelier effect. International Journal of Plasticity 
24, 1916–1945. 
 
Brindley, B., Worthington, P., 1969. Serrated yielding in Aluminium-3% Magnesium. 
Acta Metallurgica 17, 1357–1361. 
 
Chihab, K., Estrin, Y., Kubin, L.P., Vergnol, J., 1987. The kinetics of the Portevin-Le 
Chatelier bands in an Al-5at%Mg alloy. Scripta Metallurgica 21, 203–208. 
 
Chu, T.C., Ranson, W.F., Sutton, M.A., 1985. Applications of digital-image-correlation 
techniques to experimental mechanics. Experimental Mechanics 25, 232–244. 
 
Clausen, A.H., Børvik, T., Hopperstad, O.S., Benallal, A., 2004. Flow and fracture 
characteristics of aluminium alloy AA5083–H116 as function of strain rate, temperature 
and triaxiality. Materials Science and Engineering: A 364, 260–272. 
 
Coburn, D., Slevin, J., 1995. Digital correlation system for nondestructive testing of 
thermally stressed ceramics. Applied Optics 34, 5977. 
 
Cottrell, A.H., 1953. A note on the Portevin-Le Chatelier effect. Proc. Royal Soc ,, 
Philosophical Magazine Series 7 44, 829–832. 
 
Cottrell, A.H., 1954. Dislocations and Plastic Flow in Crystals. American Journal of 
Physics 22, 242. 
	   105	  
Cottrell, A.H., Stokes, R.J., 1955. Effects of Temperature on the Plastic Properties of 
Aluminium Crystals. Proceedings of the Royal Society A: Mathematical, Physical and 
Engineering Sciences 233, 17–34. 
 
Van Den Beukel, A., 1980. On the mechanism of serrated yielding and dynamic strain 
ageing. Acta Metallurgica 28, 965–969. 
 
Van Den Beukel, A., Kocks, U.F., 1982. The strain dependence of static and dynamic 
strain-aging. Acta Metallurgica 30, 1027–1034. 
 
Efstathiou, C., Sehitoglu, H., Lambros, J., 2010. Multiscale strain measurements of 
plastically deforming polycrystalline titanium: Role of deformation heterogeneities. 
International Journal of Plasticity 26, 93–106. 
 
Estrin, Y., Kubin, L.P., 1989. Collective Dislocation Behaviour in Dilute Alloys and the 
Portevin—Le Chatelier Effect. Journal of the Mechanical Behavior of Materials 2, 255–
292. 
 
Feng, X., Fischer, G., Zielke, R., Svendsen, B., Tillmann, W., 2012. Investigation of PLC 
band nucleation in AA5754. Materials Science and Engineering: A 539, 205–210. 
 
Hähner, P., 1995. A generalized criterion of plastic instabilities and its application to 
creep damage and superplastic flow. Acta Metallurgica et Materialia 43, 4093–4100. 
 
Hähner, P., 1993. Modelling the spatiotemporal aspects of the Portevin-Le Châtelier 
effect. Materials Science and Engineering: A 164, 23–34. 
 
Hähner, P., 1996. On the physics of the Portevin-Le Châtelier effect part 1: The statistics 
of dynamic strain ageing. Materials Science and Engineering: A 207, 208–215. 
 
Hahner, A. Ziegenbein, H. Neuhauser, P., 2001. Observation and modelling of 
propagating Portevin-Le Chatelier deformation bands in Cu-15 at.% Al polycrystals. 
Philosophical Magazine A 81, 1633–1649. 
 
 Jenkins.C.F, Smith,.G.V, Trans. metall. Soc. A.I.M.E., 245 (1969), p. 2149 
 
Kocks, U.F., 1976. Laws for Work-Hardening and Low-Temperature Creep. Journal of 
Engineering Materials and Technology 98, 76. 
 
Kubin, L.P., Estrin, Y., 1990. Evolution of dislocation densities and the critical conditions 
for the Portevin-Le Châtelier effect. Acta Metallurgica et Materialia 38, 697–708. 
	   106	  
 
Kubin, L.P., Estrin, Y., 1992. The Critical Conditions for Jerky Flow. Discussion and 
Application toCuMn Solid Solutions. physica status solidi (b) 172, 173–185. 
 
Lyons, J.S., Liu, J., Sutton, M.A., 1996. High-temperature deformation measurements 
using digital-image correlation. Experimental Mechanics 36, 64–70. 
 
McCormick, P., 1971. The Portevin-Le Chatelier effect in an Al-Mg-Si alloy. Acta 
Metallurgica 19, 463–471. 
 
McCormick, P.G., 1988. Theory of flow localisation due to dynamic strain ageing. Acta 
Metallurgica 36, 3061–3067. 
 
McCormick, P.G., Estrin, Y., 1989. Transient flow behaviour associated with dynamic 
strain ageing. Scripta Metallurgica 23, 1231–1234. 
 
Mesarovic, S.D., 1995. Dynamic strain aging and plastic instabilities. Journal of the 
Mechanics and Physics of Solids 43, 671–700. 
 
Miner, R.V., Castelli, M.G., 1992. Hardening mechanisms in a dynamic strain aging 
alloy, HASTELLOY X, during isothermal and thermomechanical cyclic deformation. 
Metallurgical Transactions A 23, 551–561. 
 
Mulford, R.A., Kocks, U.F., 1979. New observations on the mechanisms of dynamic 
strain aging and of jerky flow. Acta Metallurgica 27, 1125–1134. 
 
Padilla, H.. Multiscale experimental study on the effect of texture and anisotropy on the 
thermomechanical response of zirconium. Ph.D. dissertation, University of Illinois at 
Urbana-Champaign, United States -- Illinois. 
 
Pan, B., Wu, D., Xia, Y., 2010. High-temperature deformation field measurement by 
combining transient aerodynamic heating simulation system and reliability-guided digital 
image correlation. Optics and Lasers in Engineering 48, 841–848. 
 
Ranc, N., Wagner, D., 2005. Some aspects of Portevin–Le Chatelier plastic instabilities 
investigated by infrared pyrometry. Materials Science and Engineering: A 394, 87–95. 
Rizzi, E., Hahner, H., 2004. On the Portevin–Le Chatelier effect theoretical modeling 
and numerical results. International Journal of Plasticity 20, 121–165. 
 
Sakthivel, T., Laha, K., Nandagopal, M., Chandravathi, K.S., Parameswaran, P., 
Panneer Selvi, S., Mathew, M.D., Mannan, S.K., 2012. Effect of temperature and strain 
	   107	  
rate on serrated flow behaviour of Hastelloy X. Materials Science and Engineering: A 
534, 580–587. 
 
Shabadi, R., Kumar, S., Roven, H.J., Dwarakadasa, E.., 2004. Characterisation of PLC 
band parameters using laser speckle technique. Materials Science and Engineering: A 
364, 140–150. 
 
Sleeswyk, A.., 1958. Slow strain-hardening of ingot iron. Acta Metallurgica 6, 598–603. 
 
Sobotka, J.C, Dodds.R.H, 2012. Constitutive relationships for thermo-cyclic plasticity 
based on Generalized Plasticity theory: Formulation, implementation, and numerical 
studies. 
 
Sun, L., Zhang, Q., Jiang, H., 2007. Effect of solute concentration on Portevin-Le 
Chatelier effect in Al-Cu alloys. Frontiers of Materials Science in China 1, 173–176. 
 
Sutton, M., Wolters, W., Peters, W., Ranson, W., McNeill, S., 1983. Determination of 
displacements using an improved digital correlation method. Image and Vision 
Computing 1, 133–139. 
 
Sutton, M.A., Orteu, J.-J., Schreier, H.W., 2009. Image correlation for shape, motion 
and deformation measurements : basic concepts, theory and applications. Springer, New 
York, N.Y. 
 
Thomson, R.., Hemker, K.., 2007. Thermal Expansion Measurements on Coating 
Materials by Digital Image Correlation, in: Experimental Mechanics Applied to 
Advanced Materials and Systems. SEM Annual Conference & Exposition on 
Experimental and Applied Mechanics. 
 
Tong, W., 2005. An Evaluation of Digital Image Correlation Criteria for Strain Mapping 
Applications. Strain 41, 167–175.	  
 
Tong, W., Xuan, X., Yao, H., 2011. On the interaction of material heterogeneity and 
geometric discontinuity in serrated plastic flows. in: 3rd International Conference on 
Hetergenous Material Mechanics. Shanghai, China, pp. 178–185. 
 
Tong, W., Zhang, N., 2007. On Serrated Plastic Flow in an AA5052-H32 Sheet. Journal 
of Engineering Materials and Technology 129, 332. 
 
Turner, J.L., Russell, S.S., 1990. Application of digital image analysis to strain 
measurement at elevated temperature. Strain 26, 55–59. 
 
	   108	  
van den Beukel, A., 1975. Theory of the effect of dynamic strain aging on mechanical 
properties. Physica Status Solidi (a) 30, 197–206. 
 
van den Beukel, A., van den Brink, S.H., McCormick, P.G., 1975. Strain rate sensitivity 
and the portevin-le chatelier effect in Au–Cu alloys. Physica Status Solidi (a) 30, 469–477. 
 
Wagenhofer, M., Erickson-Natishan, M., Armstrong, R.W., Zerilli, F.J., 1999. Influences 
of strain rate and grain size on yield and serrated flow in commercial Al-Mg alloy 5086. 
Scripta Materialia 41, 1177–1184. 
 
Zhang, Q., Jiang, Z., Jiang, H., Chen, Z., Wu, X., 2005. On the propagation and 
pulsation of Portevin-Le Chatelier deformation bands: An experimental study with digital 
speckle pattern metrology. International Journal of Plasticity 21, 2150–2173. 
 
